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♠②s❧♦✈ý❝❤ ❛♣❧✐❦❛❝í❝❤✳ ❚❡❝❤♥♦❧♦❣✐❡ s❡❧❡❝t✐✈❡ ❧❛s❡r ♠❡❧t✐♥❣ ✭❙▲▼✮ ❥❡ ♣r♦❣r❡s✐✈♥í ❛❞✐✲
t✐✈♥í ✈ýr♦❜♥í ♠❡t♦❞♦✉✱ ❦t❡rá ❥❡ ③❛❧♦➸❡♥❛ ♥❛ ♣♦st✉♣♥é♠ st❛✈➙♥í ❞í❧✉ ✈rst✈✉ ♣♦ ✈rst✈➙
♣♦♠♦❝í ❧❛s❡r♦✈é❤♦ ♣❛♣rs❦✉✳ ❚♦✉t♦ ♥❡❦♦♥✈❡♥↔♥í ♠❡t♦❞♦✉ ❥❡ ♠♦➸♥é ✈②r♦❜✐t s♦✉↔ást✐
s❧♦➸✐tý❝❤ t✈❛r➲ ❛ ✈♥✐t➦♥í❝❤ str✉❦t✉r s r♦③♠➙r♦✈♦✉ ♣➦❡s♥♦stí sr♦✈♥❛t❡❧♥♦✉ ♣➦✐ ♣♦✉➸ítí
❦♦♥✈❡♥↔♥í❝❤ ✈ýr♦❜♥í❝❤ ♠❡t♦❞✳ ❖❞❧❡❤↔❡♥é ❞í❧② s ♦♣t✐♠❛❧✐③♦✈❛♥♦✉ ✈♥✐t➦♥í str✉❦t✉r♦✉
♥❛❥❞❡♠❡ ✈ ❧❡t❡❝t✈í ❛ ❦♦s♠♦♥❛✉t✐❝❡✳ ❚✈❛r♦✈➙ s❧♦➸✐té ❞í❧② ❥❛❦♦ ✈st➦✐❦♦❧✐s♥é ❢♦r♠② ♥❡❜♦
③✉❜♥í ♥á❤r❛❞② t❛❦é ♥❛❥❞❡♠❡ ✈ ➨✐r♦❦é♠ ♣♦rt❢♦❧✐✉ s♦✉↔ástí ✈②r♦❜❡♥ý❝❤ t❡❝❤♥♦❧♦❣✐í
❙▲▼✳ ◆❡✈ý❤♦❞♦✉✱ ❦t❡ré ♦♠❡③✉❥❡ t✉t♦ t❡❝❤♥♦❧♦❣✐✐ ✈ ➨✐r➨í ❛♣❧✐❦❛❝✐✱ ❥❡ ③❡❥♠é♥❛ ✈②s♦❦á
❝❡♥❛✱ ❦t❡rá ❥❡ s♣♦❥❡♥❛ s ❞❧♦✉❤♦✉ ❞♦❜♦✉ st❛✈➙♥í ❞í❧✉✳ ❩ t♦❤♦t♦ ❞➲✈♦❞✉ s❡ t❡❝❤♥♦❧♦❣✐❡
❙▲▼ ♥❡♣♦✉➸í✈á ❦ sér✐♦✈é ✈ýr♦❜➙✳
❆❧✲❙✐ s❧✐t✐♥② s❡ ✈②③♥❛↔✉❥í ✈②s♦❦♦✉ ♦❞♦❧♥♦stí ♣r♦t✐ ♦♣♦t➦❡❜❡♥í✱ ♠❛❧♦✉ t❡♣❡❧♥♦✉ r♦③✲
t❛➸♥♦stí ❛ ✈②s♦❦ý♠ ♣♦♠➙r❡♠ ♠❡③✐ ♣❡✈♥♦stí ❛ ❤♠♦t♥♦stí ❞í❧✉ ❬✶❪✳ ❑✈➲❧✐ t➙♠t♦ ✈ý➨❡
③♠í♥➙♥ý♠ ✈❧❛st♥♦st❡♠ ❛ r♦✈♥♦♠➙r♥é ❞✐str✐❜✉❝✐ ✜❧♠✉ ♣♦✈r❝❤♦✈é ♦①✐❞❛❝❡ ❥❡ ❡✉t❡❦✲
t✐❝❦á s❧✐t✐♥❛ ❆❧✲❙✐ ✈❤♦❞♥á ❦ ✈ýr♦❜➙ t❡❝❤♥♦❧♦❣✐í ❙▲▼ ❬✷❪✳ ❆✈➨❛❦ ♦❜❡❝♥ý♠✐ ♣r♦❜❧é♠②
♣➦✐ ③♣r❛❝♦✈á♥í ❤❧✐♥í❦♦✈ý❝❤ s❧✐t✐♥ t❡❝❤♥♦❧♦❣✐í ❙▲▼ ❥s♦✉ ✈②s♦❦á ♦❞r❛③✐✈♦st ❛ ❝✐t❧✐✈♦st
♥❛ t✈♦r❜✉ ♦①✐❞❛↔♥í❤♦ ✜❧♠✉ ❬✸❪✳ ❙❧✐t✐♥② ❆❧✲❙✐ ♠❛❥í s✈é ❤❧❛✈♥í ✈②✉➸✐tí ♣r♦ ✈ýr♦❜✉ ❜❧♦❦➲
♠♦t♦r✉ ❛ ♣íst➲ ✈ ❛✉t♦♠♦❜✐❧♥í♠ ❛ ❧❡t❡❝❦é♠ ♣r➲♠②s❧✉✳ ❩❦♦✉♠❛♥á s❧✐t✐♥❛ ❆❧❙✐✼▼❣✵✱✻
s❡ ❦♦♥❦rét♥➙ ♣♦✉➸í✈á ♣r♦ ✈②s♦❝❡ ♥❛♠á❤❛♥é s♦✉↔ást✐ ✈ ❧❡t❡❝❦é♠ ♣r➲♠②s❧✉✱ ❥❛❦♦ ❥s♦✉
♥❛♣➦✳ ✈②s♦❦♦r②❝❤❧♦st♥í t✉r❜♦❞♠②❝❤❛❞❧❛ ❬✹✵❪✳
❍❧✐♥í❦♦✈é s❧✐t✐♥② ❆❧✲❙✐ ✭s✐❧✉♠✐♥②✮ ❥s♦✉ ❤♦❥♥➙ t❡st♦✈❛♥é t❡❝❤♥♦❧♦❣✐í ❙▲▼✱ ❛✈➨❛❦
s❧✐t✐♥✉ ❆❧❙✐✼▼❣✵✱✻✱ ❦t❡r♦✉ s❡ ③❛❜ý✈á t❛t♦ ♣rá❝❡✱ ③❛tí♠ ♥✐❦❞♦ st❡❥♥ý♠ ③♣➲s♦❜❡♠ ✈
❞♦st✉♣♥ý❝❤ ♣r❛❝í❝❤ ♥❡③❦♦✉♠❛❧✳ ❈í❧❡♠ ♣rá❝❡ ❥❡ ♥❛❥ít ✈❤♦❞♥é ♣r♦❝❡s♥í ♣❛r❛♠❡tr② ♣r♦
st❛✈❜✉ ❞í❧➲ ③ ♠❛t❡r✐á❧✉ ❆❧❙✐✼▼❣✵✱✻✳ Pr♦✈ést ♠❡❝❤❛♥✐❝❦é ③❦♦✉➨❦② ✈③♦r❦➲ ❛ ✉r↔✐t
♠❛t❡r✐á❧♦✈é ✈❧❛st♥♦st✐ s ♥á✈r❤❡♠ ♣♦st♣r♦❝❡ss✐♥❣✉ ♥❛ ❥❡❥✐❝❤ ③❧❡♣➨❡♥í ❛ ♣➦✐s♣➙t t❛❦ ❦
r♦③➨í➦❡♥í ♣♦rt❢♦❧✐❛ ♠❛t❡r✐á❧➲ ♣♦✉➸í✈❛♥ý❝❤ ❦ ✈ýr♦❜➙ ❞í❧➲ ♠❡t♦❞♦✉ ❙▲▼✳
❖❜r✳ ✶✳✶ ❱rt✉❧❡ ♣r♦ ③á✈♦❞♥í ❧♦❞➙ ✈②r♦❜❡♥é ③
❤❧✐♥í❦♦✈é s❧✐t✐♥② t❡❝❤♥♦❧♦❣✐í ❙▲▼ ❬✹❪
str❛♥❛
✶✺
P➄❊❍▲❊❉ ❙❖❯❷❆❙◆➱❍❖ ❙❚❆❱❯ P❖❩◆➪◆❮
✷ P➄❊❍▲❊❉ ❙❖❯❷❆❙◆➱❍❖ ❙❚❆❱❯ P❖❩◆➪◆❮
✷✳✶ ❆❞✐t✐✈♥í t❡❝❤♥♦❧♦❣✐❡
Pr✈♥í ❛❞✐t✐✈♥í t❡❝❤♥♦❧♦❣✐❡✱ s ♥á③✈❡♠ st❡r❡♦❧✐t♦❣r❛✜❡✱ ❢✉♥❣✉❥❡ ♥❛ ♣r♦❝❡s✉ t✉❤♥✉tí
t❡♥❦é ✈rst✈② ✉❧tr❛✜❛❧♦✈é❤♦ ✭❯❱✮ s✈➙t❡❧♥➙ ❝✐t❧✐✈é❤♦ ❦❛♣❛❧♥é❤♦ ♣♦❧②♠❡r✉ ♣♦♠♦❝í ❧❛✲
s❡r✉ ❬✺❪✳ ❱ ❞♥❡➨♥í ❞♦❜➙ ❡①✐st✉❥❡ ♠♥♦❤♦ r➲③♥ý❝❤ ♠❡t♦❞ ✈ýr♦❜② s♦✉↔ástí ♥❛ ❜á③✐
❛❞✐t✐✈♥í t❡❝❤♥♦❧♦❣✐❡✳ ❏❡❥✐❝❤ s♣♦❧❡↔♥ý♠ ③♥❛❦❡♠ ❥❡ ♣♦st✉♣♥é st❛✈➙♥í s♦✉↔ást✐ ✈rst✈✉
♣♦ ✈rst✈➙✳ ❚í♠t♦ ③♣➲s♦❜❡♠ ❥❡ ♠♦➸♥é ✈②r♦❜✐t s♦✉↔ást✐ s❧♦➸✐tý❝❤ t✈❛r➲ s r➲③♥♦✉
✈♥✐t➦♥í str✉❦t✉r♦✉✱ ❦t❡rá r❡❞✉❦✉❥❡ ❤♠♦t♥♦st s♦✉↔ást✐ ♣➦✐ ③❛❝❤♦✈á♥í ❥❡❥✐❝❤ ♠❡❝❤❛♥✐❝✲
❦ý❝❤ ✈❧❛st♥♦stí✳ ❚❡♥t♦ ③♣➲s♦❜ ✈ýr♦❜② ❞á✈á tét♦ t❡❝❤♥♦❧♦❣✐✐ ♣♦t❡♥❝✐á❧ ♣➦❡❦♦♥á✈❛❥í❝í
❦♦♥✈❡♥↔♥í t❡❝❤♥♦❧♦❣✐✐ ✈ýr♦❜②✳
❖❜r✳ ✷✳✶ ●r❛❢ ♣♦♣✐s✉❥í❝í ♣♦↔❡t ♣r♦❞❛♥ý❝❤ s②sté♠➲ ③♣r❛❝♦✈á✈❛❥í❝í ❦♦✈♦✈é ♠❛t❡✲
r✐á❧② ❛❞✐t✐✈♥í t❡❝❤♥♦❧♦❣✐í✳ ❙✈✐s❧á ♦s❛ ♦③♥❛↔✉❥❡ ♣♦↔❡t ♣r♦❞❛♥ý❝❤ s②sté♠➲ ❛ ❤♦r✐✲
♦♥tá❧♥í ❦♦♥❦rét♥í r♦❦ ❬✻❪
❏❛❦ ❧③❡ ✈✐❞➙t ③ ❣r❛❢✉ ✷✳✶✱ ♣♦↔❡t ♣r♦❞❛♥ý❝❤ s②sté♠➲ ③♣r❛❝♦✈á✈❛❥í❝í ❦♦✈♦✈é ♠❛t❡r✐✲
á❧② ❛❞✐t✐✈♥í t❡❝❤♥♦❧♦❣✐í ♥❡✉stá❧❡ r♦st❡✳ ❏❡❥í ♣♦✉➸✐tí ✉➸ ♥❡♥í ✈ý❤r❛❞♥➙ ❥❡♥ ♣r♦ ✈ýr♦❜✉
♣r♦t♦t②♣➲✱ ❛❧❡ r♦st❡ ✈②✉➸✐tí ♣r♦ ✈ýr♦❜✉ ✜♥á❧♥í❝❤ ✈ýr♦❜❦➲ ❬✼❪✳ ●r❛❢ ✷✳✷ ✉❦❛③✉❥❡ ♣♦❞í❧
✈②✉➸✐tí ❛❞✐t✐✈♥í ✈ýr♦❜② ✈ r➲③♥ý❝❤ ♦❞✈➙t✈í❝❤ ♣r➲♠②s❧✉✳
❚❛t♦ ❞✐♣❧♦♠♦✈á ♣rá❝❡ s❡ ③❛❜ý✈á ❛❞✐t✐✈♥í t❡❝❤♥♦❧♦❣✐í s❡❧❡❝t✐✈❡ ❧❛s❡r ♠❡❧t✐♥❣ ✭❞á❧❡
❥❡♥ ❙▲▼✮✱ ❦t❡rá ③♣r❛❝♦✈á✈á ❦♦✈♦✈é ♠❛t❡r✐á❧②✳ P♦↔❡t ♠❛t❡r✐á❧➲ ③♣r❛❝♦✈❛t❡❧♥ý❝❤ ♠❡✲
t♦❞♦✉ ❙▲▼ ♥❡✉stá❧❡ r♦st❡✱ ❛✈➨❛❦ ❥s♦✉ ♠❛t❡r✐á❧②✱ ✉ ❦t❡rý❝❤ ♥❡❥s♦✉ ③♥á♠② ♣❛r❛♠❡tr②
❥❡❥✐❝❤ ✈ýr♦❜②✳ ❚❛t♦ ❞✐♣❧♦♠♦✈á ♣rá❝❡ ❜② ♠➙❧❛ ❦ t♦♠✉t♦ r♦③✈♦❥✐ ♣➦✐s♣➙t✳
✷✳✷ ❙❡❧❡❝t✐✈❡ ❧❛s❡r ♠❡❧t✐♥❣
❚❡❝❤♥♦❧♦❣✐❡ ❙▲▼ ❜②❧❛ ♣♦♣r✈é ♣♦✉➸✐t❛ ✈ r♦❝❡ ✶✾✾✼✳ ❏❡❥í♠ s♣❡❝✐✜❦❡♠ ❥❡ ♣♦✉➸✐tí ✈②✲
s♦❦♦✈ý❦♦♥♥♦✈é❤♦ ❧❛s❡r✉✱ s ❦t❡rý♠ ❥❡ ♠♦➸♥é ✈②rá❜➙t ❦♦✈♦✈é ❦♦♠♣♦♥❡♥t② ③ ❦♦✈♦✈é❤♦
♣rá➨❦✉✳ P➦❡❞ ③❛❤á❥❡♥í♠ ✈ýr♦❜② s♦✉↔ást✐ ❥❡ ♥✉t♥é ♣➦✐♣r❛✈✐t ♣♦❞❦❧❛❞♦✈á ❞❛t❛ ♣r♦ t✐s❦
s♦✉↔ást✐✳ ❱❡ ✈❤♦❞♥é♠ s♦❢t✇❛r✉ ✭♥❛♣➦✳ ❆✉t♦❢❛❜✮ s❡ ♣♦➸❛❞♦✈á♥ý ✸❉ ♠♦❞❡❧✱ ♥❡❥↔❛st➙❥✐
✈❡ ❢♦r♠át✉ ❙❚▲✱ ♥❛➦❡➸❡ ♥❛ ❥❡❞♥♦t❧✐✈é ✈rst✈②✱ ❦t❡ré ❥s♦✉ ♥ás❧❡❞♥➙ ♣♦st✉♣♥➙ ♥❛♥á✲
➨❡♥② ❛ t❛✈❡♥② ❧❛s❡r♦✈ý♠ ♣❛♣rs❦❡♠✳ Pr♦❝❡s ✈ýr♦❜② ③❛↔í♥á ♥❛♥❡s❡♥í♠ ♣r✈♥í ✈rst✈②
str❛♥❛
✶✻
P➄❊❍▲❊❉ ❙❖❯❷❆❙◆➱❍❖ ❙❚❆❱❯ P❖❩◆➪◆❮
❖❜r✳ ✷✳✷ ●r❛❢ ③♦❜r❛③✉❥í❝í ✉➸í✈á♥í ❙▲▼ t❡❝❤♥♦❧♦❣✐❡ ✈ r➲③♥ý❝❤ ♦❞✈➙t✈í❝❤ ❬✽❪
♣rá➨❦✉ ♣♦♠♦❝í ♥❛♥❛➨❡↔❡ ♣rá➨❦✉✳ P♦ r♦③t❛✈❡♥í ❞❛♥ý❝❤ ♠íst ❧❛s❡r❡♠ s❡ st❛✈➙❝í ♣❧❛t✲
❢♦r♠❛ ♣♦s✉♥❡ ♦ ✈ý➨❦✉ ✈rst✈② ❞♦❧➲✳ ◆ás❧❡❞♥➙ s❡ ♥❛♥❡s❡ ♥♦✈á ✈rst✈❛ ♣rá➨❦✉ ❛ ♣r♦❝❡s
s❡ ♦♣❛❦✉❥❡ ❛➸ ❞♦ ❝❤✈í❧❡✱ ❦❞② ❥❡ ♣♦st❛✈❡♥❛ ❝❡❧á s♦✉↔ást✳ P♦ s❦♦♥↔❡♥í st❛✈❜② s♦✉↔ást✐
s❡ ♣➦❡❜②t❡↔♥ý ♣rá➨❡❦ ③❡ st❛✈➙❝í ❦♦♠♦r② ♦❞str❛♥í ❛ s♦✉↔ást ❥❡ ♠❛♥✉á❧♥➙ ♦❞st❛♥➙♥❛
③❡ st❛✈➙❝í ♣♦❞❧♦➸❦②✱ ♥❡❥↔❛st➙❥✐ ♣♦♠♦❝í ❡❧❡❦tr♦❡r♦③✐✈♥í❤♦ ❞rát♦✈é❤♦ ➦❡③á♥í✳
❙t❛✈➙❝í ❦♦♠♦r❛ ❥❡ ✈②♣❧♥➙♥❛ ✐♥❡rt♥í♠ ♣❧②♥❡♠ ③ ❞➲✈♦❞✉ ③❛❜rá♥➙♥í ✈③♥✐❦✉ ♦①✐❞❛↔♥í
✈rst✈② ♣➦✐ t❛✈❡♥í ♣rá➨❦✉✳ ◆❡❥↔❛st➙❥✐ s❡ ♣♦✉➸í✈á ❛r❣♦♥ ♥❡❜♦ ❞✉sí❦✳ ◆➙❦t❡ré ❙▲▼
③❛➦í③❡♥í ✉♠♦➸➡✉❥í ✈②❤➦í✈❛t st❛✈➙❝í ♣♦❞❧♦➸❦✉ ❛ ❝❡❧♦✉ ❦♦♠♦r✉✳ ❉í❦② t♦♠✉ ❥❡ ♠♦➸♥é
s♥í➸✐t ③❜②t❦♦✈é ♥❛♣➙tí ✈❡ st❛✈➙♥é s♦✉↔ást✐✳ ❱ý➨❦❛ ✈rst✈② ❥❡ ♦❜✈②❦❧❡ ♦❞ ✷✵ ❞♦ ✶✵✵
µ♠ ❛ ❥❡ ✉r↔❡♥❛ ♣♦➸❛❞❛✈❦❡♠ ❞♦❜ré❤♦ r♦③❧✐➨❡♥í ❛ t❡❦✉t♦st✐ ♣rá➨❦✉ ❬✾❪✳ Prá➨❡❦ s ✈②➨➨í
✈❡❧✐❦♦stí ↔ást✐❝ ③♣➲s♦❜✉❥❡ ➨♣❛t♥é r♦③❧✐➨❡♥í ❛ r♦③♠➙r♦✈♦✉ t♦❧❡r❛♥❝✐✱ ❦❞❡➸t♦ ♣rá➨❡❦
s ♠❛❧♦✉ ✈❡❧✐❦♦stí ↔ást✐❝ ♠á s❦❧♦♥ ❦ s❡s❦✉♣♦✈á♥í ❦ s♦❜➙ ❦✈➲❧✐ ✈❛♥ ❞❡r ❲❛❛❧s♦✈ý♠
s✐❧á♠✳ ❚♦ ③♣➲s♦❜✉❥❡ ➨♣❛t♥♦✉ t❡❦✉t♦st ♣rá➨❦✉ ❛ ♥ás❧❡❞♥➙ ✐ ❥❡❤♦ ♥❛♥á➨❡♥í ❬✷✾❪✳
❚❡❝❤♥♦❧♦❣✐❡ ❙▲▼ s❡ ♦❞ ♣♦❞♦❜♥ý❝❤ ❛❞✐t✐✈♥í❝❤ t❡❝❤♥♦❧♦❣✐í✱ ❥❛❦♦ ❙▲❙✱ ❦t❡rá ✈②✲
rá❜í ❦♦✈♦✈é ♠❛t❡r✐á❧②✱ ❧✐➨í ♣❧♥ý♠ r♦③t❛✈❡♥í♠ ❦♦✈♦✈é❤♦ ♣rá➨❦✉ ♣r♦❞✉❦✉❥í❝í s♦✉↔ást✐
s ♣❧♥♦✉ ❤✉st♦t♦✉ ❜❡③ ♥✉t♥♦st✐ ❞❛❧➨í❝❤ ♣♦st♣r♦❝❡s♥í❝❤ ú♣r❛✈✳
❖❜r✳ ✷✳✸ Pr➲❜➙❤ ✈ýr♦❜② s♦✉↔ást✐ ❙▲▼ t❡❝❤♥♦❧♦❣✐í ❬✷✾❪
str❛♥❛
✶✼
P➄❊❍▲❊❉ ❙❖❯❷❆❙◆➱❍❖ ❙❚❆❱❯ P❖❩◆➪◆❮
✷✳✷✳✶ Pr✐♥❝✐♣ ♣r♦❝❡s✉ ❙▲▼
Pr✐♥❝✐♣ ♣r♦❝❡s✉ ✈ýr♦❜② s♦✉↔ástí ♣♦♠♦❝í ❙▲▼ ❥❡ ③♥á③♦r♥➙♥ ♥❛ ♦❜r✳ ✷✳✹✳ ◆❛♥❡s❡♥á
t❡♥❦á ✈rst✈❛ ❦♦✈♦✈é❤♦ ♣rá➨❦✉ ❥❡ t❛✈❡♥❛ ♣♦♠♦❝í ❧❛s❡r✉✳ ❏❛❦ ❥❡ ♣❛tr♥é ③ ♦❜rá③❦✉✱ ❥❡
♥✉t♥é✱ ❛❜② ❞♦➨❧♦ ❦ ❞♦❜ré♠✉ s♣♦❥❡♥í ❥❡❞♥♦t❧✐✈ý❝❤ ✈rst❡✈ ❞♦st❛t❡↔♥ý♠ r♦③t❛✈❡♥í♠
♣rá➨❦✉ ❛ ♣➦❡❞❝❤♦③í ✈rst✈②✳ ❏❡ ❞➲❧❡➸✐té✱ ❛❜② st❡❥♥é s♣♦❥❡♥í ✈③♥✐❦❧♦ ♥❡❥❡♥ ♠❡③✐ ✈rst✲
✈❛♠✐✱ ❛❧❡ ✐ ♠❡③✐ s♦✉s❡❞♥í♠✐ ♥á✈❛r②✳
❖❜r✳ ✷✳✹ Pr✐♥❝✐♣ ♣r♦❝❡s✉ ❙▲▼ ❬✶✶❪
◆❛ ♦❜rá③❦✉ ✷✳✺ ❥❡ ✈✐❞➙t ♣r✐♥❝✐♣ ❢✉♥❦❝❡ ③❛➦í③❡♥í ❙▲▼✳ ❱②s♦❦♦✈ý❦♦♥♥ý ❧❛s❡r ❥❡
③❛♠➙➦♦✈á♥ ♣♦♠♦❝í ♥❛tá↔❡❝í❝❤ ③r❝❛❞❡❧✳ P♦ ❞♦❦♦♥↔❡♥í t❛✈❡♥í ✈rst✈② s❥❡❞❡ st❛✈➙❝í ♣❧❛t✲
❢♦r♠❛ ♦ ✈ý➨❦✉ ✈rst✈② ❞♦❧➲✳ P♦♠♦❝í ♥❛♥❛➨❡↔❡ ♣rá➨❦✉ ❥❡ ♥❛♥á➨❡♥❛ ♥♦✈á ✈rst✈❛ ♣rá➨❦✉
❛ ③ár♦✈❡➡ ♦❞str❛♥➙♥ ♣➦❡❜②t❡↔♥ý ♣rá➨❡❦ ③ ♣➦❡❞❝❤♦③í ✈rst✈②✳
❖❜r✳ ✷✳✺ Pr✐♥❝✐♣ ❢✉♥❦❝❡ str♦❥❡ ❙▲▼ s ♣♦♣✐s❡♠ ❥❡❞♥♦t❧✐✈ý❝❤ ↔ástí ❬✶✷❪
str❛♥❛
✶✽
P➄❊❍▲❊❉ ❙❖❯❷❆❙◆➱❍❖ ❙❚❆❱❯ P❖❩◆➪◆❮
✷✳✷✳✷ Pr♦❝❡s♥í ♣❛r❛♠❡tr② ❙▲▼
Pr♦❝❡s♥í ♣❛r❛♠❡tr② ✈ý③♥❛♠♥➙ ♦✈❧✐✈➡✉❥í ✈❧❛st♥♦st✐ ✈③♥✐❦❧é s♦✉↔ást✐✳ ◆❡❥③á❦❧❛❞✲
♥➙❥➨í♠✐ ♣r♦❝❡s♥í♠✐ ♣❛r❛♠❡tr② ❥s♦✉ ✈ý❦♦♥ ❧❛s❡r✉✱ r②❝❤❧♦st s❦❡♥♦✈á♥í ❧❛s❡r✉✱ t❧♦✉➨➫❦❛
✈rst✈② ❛ ✈③❞á❧❡♥♦st ➨r❛❢➲✱ ❦t❡rá ✉❞á✈á ❦♦❧♠♦✉ ✈③❞á❧❡♥♦st ♠❡③✐ ❥❡❞♥♦t❧✐✈ý♠✐ s❦❡♥♦✲
✈❛♥ý♠✐ st♦♣❛♠✐✳ ❚②t♦ ♣❛r❛♠❡tr② s♣♦❧✉ ✉r↔✉❥í ♠♥♦➸st✈í ❡♥❡r❣✐❡ ✈♥❡s❡♥é ❞♦ ♣r♦❝❡s✉
♥❛ ❥❡❞♥♦t❦✉ ♦❜❥❡♠✉✳ ❱❡❞❧❡❥➨í♠✐ ♣r♦❝❡s♥í♠✐ ♣❛r❛♠❡tr②✱ ❦t❡ré ♠❛❥í ✈➙t➨✐♥♦✉ ❦♦♥✲
st❛t♥í ❤♦❞♥♦t✉✱ ❥s♦✉ r♦③♠➙r ♣❛♣rs❦✉ ❧❛s❡r✉✱ ✈❧♥♦✈á ❞é❧❦❛ ❧❛s❡r✉✱ s❦❡♥♦✈❛❝í str❛t❡❣✐❡✱
✈❧❛st♥♦st✐ ♣rá➨❦✉ ❛ t❡♣❧♦t❛ ♣❧❛t❢♦r♠②✳ Pr➲♠➙r ♣❛♣rs❦✉ ✉r↔✉❥❡ ➨í➦❦✉ ♥á✈❛r✉✱ ❦t❡rá ❥❡
❞í❦② ✈❡❞❡♥í t❡♣❧❛ ♠❡③✐ ↔ást✐❝❡♠✐ ✈➙t➨í ♥❡➸ ❥❡❤♦ ♣r➲♠➙r✳ ❱❧♥♦✈á ❞é❧❦❛ ❧❛s❡r✉ ♦✈❧✐✈✲
➡✉❥❡ r❡✢❡❦t✐✈✐t✉ ❦♦✈♦✈é❤♦ ♣rá➨❦✉✳ ❙ r♦st♦✉❝í ✈❧♥♦✈♦✉ ❞é❧❦♦✉ s❡ r❡✢❡❦t✐✈✐t❛ ③✈➙t➨✉❥❡
❛ s❝❤♦♣♥♦st ❛❜s♦r❜❝❡ ❦❧❡sá ❬✶✸❪✳ ❙❦❡♥♦✈❛❝í str❛t❡❣✐❡ ✈②t✈á➦í ❞rá❤② ❧❛s❡r✉✱ ❦t❡rý♠✐
❜✉❞❡ ✈ýs❧❡❞♥á s♦✉↔ást ♣♦st❛✈❡♥❛✳ ❱❧❛st♥♦st✐ ♣rá➨❦✉ ♦✈❧✐✈➡✉❥í ♣r♦❝❡s s✈♦✉ ❞✐str✐❜✉❝í
↔ást✐❝✱ ❦♦♠♣♦③✐❝í✱ ♠♦r❢♦❧♦❣✐í✱ ♣r➲♠➙r♥♦✉ ✈❡❧✐❦♦stí ③r♥ ❛ t❡♣❡❧♥♦✉ ✈♦❞✐✈♦stí ♣rá➨❦✉✳
❚❡♣❧♦t❛ st❛✈➙❝í ♣❧❛t❢♦r♠② ♣♦♠á❤á s♥✐➸♦✈❛t t❡♣❧♦t♥í ❣r❛❞✐❡♥t✱ ♦✈❧✐✈➡✉❥❡ s♣♦❥❡♥í ♣r✈♥í
✈rst✈② s❡ s✉❜strát❡♠ ❛ s♥✐➸✉❥❡ ③❜②t❦♦✈é ♥❛♣➙tí ✈❡ st❛✈➙♥é s♦✉↔ást✐✳ ❱ t❛❜✉❧❝❡ ✷✳✻
❥s♦✉ ③♦❜r❛③❡♥② ✈➨❡❝❤♥② ♣r♦❝❡s♥í ♣❛r❛♠❡tr② ♦✈❧✐✈➡✉❥í❝í st❛✈➙❝í ♣r♦❝❡s✳
❖❜r✳ ✷✳✻ ❚❛❜✉❧❦❛ r♦③❞➙❧❡♥í ♣r♦❝❡s♥í❝❤ ♣❛r❛♠❡tr➲ ❬✸✷❪
✷✳✸ ❱❧✐✈ ♣r♦❝❡s♥í❝❤ ♣❛r❛♠❡tr➲
◆❡✈❤♦❞♥é ♥❛st❛✈❡♥í ♣❛r❛♠❡tr➲ ♠➲➸❡ ③♣➲s♦❜✐t ➨♣❛t♥♦✉ t✈♦r❜✉ ❥❡❞♥♦t❧✐✈ý❝❤ ♥á✲
✈❛r➲ ❛ ❥❡❥✐❝❤ s♣♦❥❡♥í s ❥✐➸ ✈②t✈♦➦❡♥ý♠✐ ✈rst✈❛♠✐✳ ❙♥❛❤♦✉ ❥❡ ♥❛st❛✈✐t ♣r♦❝❡s♥í ♣❛✲
r❛♠❡tr② t❛❦✱ ❛❜② ✈③♥✐❦❛❧ s♣♦❥✐tý ♥á✈❛r ❜❡③ ♣➦ít♦♠♥♦st✐ tr❤❧✐♥ ❛ ♣♦r♦③✐t②✳ ❱③♥✐❦
♥❡♣r❛✈✐❞❡❧♥♦stí✱ ❜❛❧❧✐♥❣ ❡❢❡❦t✉ ♥❡❜♦ ③❞❡❢♦r♠♦✈á♥í ♥á✈❛r✉ ❥❡ ♥❡➸á❞♦✉❝í✳ ❨❛❞r♦✐ts❡✈ ❛
❙♠✉r♥♦✈ ❬✶✺❪ ③❦♦✉♠❛❧✐ ✈③♥✐❦ ❥❡❞♥♦t❧✐✈ý❝❤ ♥á✈❛r➲ ✈ ③á✈✐s❧♦st✐ ♥❛ ♠➙♥í❝í❝❤ s❡ ♣r♦❝❡s✲
♥í❝❤ ♣❛r❛♠❡tr❡❝❤ ♣r♦ ♦❝❡❧♦✈é s❧✐t✐♥② ✾✵✹▲ ❛ ✸✶✻▲✳ ◆❛ ③á❦❧❛❞➙ sér✐❡ t❡st➲ ❜②❧✐ s❝❤♦♣♥✐
✉r↔✐t ♣r♦❝❡s♥í ♦❦♥♦ ♣r♦ ③❦♦✉♠❛♥ý ♠❛t❡r✐á❧✱ ♣➦✐ ❦t❡ré♠ s❡ ❜✉❞❡ t✈♦➦✐t s♣♦❥✐tý ♥á✈❛r
s ❞♦❜r♦✉ ♥á✈❛③♥♦stí ♥❛ ♣➦❡❞❝❤♦③í ✈rst✈②✳ ❏❛❦ ❥❞❡ ✈✐❞➙t ♥❛ ♦❜rá③❦✉ ✷✳✻✱ ✈ ③á✈✐s❧♦st✐
str❛♥❛
✶✾
P➄❊❍▲❊❉ ❙❖❯❷❆❙◆➱❍❖ ❙❚❆❱❯ P❖❩◆➪◆❮
♥❛ ✈ý❦♦♥✉ ❧❛s❡r✉ ❛ r②❝❤❧♦st✐ s❦❡♥♦✈á♥í s❡ t✈♦➦í r➲③♥ý t✈❛r ♥á✈❛r✉✳ ❙ r♦st♦✉❝í r②❝❤✲
❧♦stí s❦❡♥♦✈á♥í ❦❧❡sá t❧♦✉➨➫❦❛ ♥á✈❛r✉ ❛ ❤❧♦✉❜❦❛ s♣♦❥❡♥í s ♣➦❡❞❝❤♦③í ✈rst✈♦✉✳ P♦❦✉❞
❥❡ ❡♥❡r❣✐❡ ✈st✉♣✉❥í❝í ❞♦ ♣r♦❝❡s✉ ❞♦st❛t❡↔♥á ❦ ✈③♥✐❦✉ ✈❛r✉ r♦③t❛✈❡♥é ❧á③♥➙✱ ✈③♥✐❦❛❥í❝í
✈ý♣❛r② ③♣➲s♦❜✉❥í ❞❡❢♦r♠❛❝✐ ❛ ♥❡s♣♦❥✐t♦st✐ ♥á✈❛r✉✳ ❙ ❦❧❡s❛❥í❝í♠ ✈ý❦♦♥❡♠ ❧❛s❡r✉ ♣➦✐
❦♦♥st❛t♥í r②❝❤❧♦st✐ s❦❡♥♦✈á♥í ❞♦❥❞❡ ♣➦✐ ✉r↔✐té ♠❡③♥í ❤♦❞♥♦t➙ ✈st✉♣✉❥í❝í ❡♥❡r❣✐❡ ❦
✈③♥✐❦✉ ❜❛❧❧✐♥❣ ❡❢❡❦t✉ ❛ t✈♦r❜➙ ♥❡s♣♦❥✐té❤♦ ♥á✈❛r✉ ③ ❦✉❧✐↔❡❦✳
❖❜r✳ ✷✳✼ ●r❛❢ ③á✈✐s❧♦st✐ t✈♦r❜② ♥❛✈ár✉ ♥❛ ❤♦❞♥♦tá❝❤ ✈ý❦♦♥✉ ❧❛s❡r✉ ❛ ❥❡❤♦ r②❝❤❧♦st✐ ❬✶✺❪
Pr♦❝❡s♥í ♣❛r❛♠❡tr② ♣♦t➦❡❜♥é ❦ ❞♦s❛➸❡♥í s♣♦❥✐té❤♦ ♥á✈❛r✉ s ❞♦❜r♦✉ ♥á✈❛③♥♦stí ♥❛
♣➦❡❞❝❤♦③í ✈rst✈② ♦✈❧✐✈➡✉❥í ③ ✈❡❧❦é ↔ást✐ ❢②③✐❦á❧♥í ✈❧❛st♥♦st✐ ❛ t✈❛r ✈♥➙❥➨í❤♦ ♣♦✈r❝❤✉
③r♥ ♣rá➨❦✉✳ ❱ ♣rá❝✐ ❬✶✺❪ ❜②❧② ♣♦r♦✈♥á✈á♥② ♣r♦❝❡s♥í ♣❛r❛♠❡tr② ♣♦t➦❡❜♥é ❦ ③ís❦á♥í
s♣♦❥✐tý❝❤ ♥á✈❛r➲ ✉ ❞✈♦✉ ♦❝❡❧♦✈ý❝❤ ♠❛t❡r✐á❧➲✳ ▼❛t❡r✐á❧ ✸✶✻▲ t✈♦➦✐❧ s♣♦❥✐té ♥á✈❛r② ♣➦✐
✈➙t➨í s❦❡♥♦✈❛❝í r②❝❤❧♦st✐ ♥❡➸ ♠❛t❡r✐á❧ ✾✵✹▲✳ P➦✐ ♣♦r♦✈♥á✈á♥í ❢②③✐❦á❧♥í❝❤ ✈❧❛st♥♦stí
♠❛t❡r✐á❧➲ ❜②❧♦ ③❥✐➨t➙♥♦✱ ➸❡ ♠❛t❡r✐á❧ ✾✵✹▲ ♠á ❞✈♦❥♥ás♦❜♥♦✉ ❤♦❞♥♦t✉ s❦✉♣❡♥s❦é❤♦
t❡♣❧❛ tá♥í✱ ❛ ③ t♦❤♦ ❞➲✈♦❞✉ s❡ s♣♦❥✐té ♥á✈❛r② t✈♦➦í ♣➦✐ ♠❡♥➨í s❦❡♥♦✈❛❝í r②❝❤❧♦st✐✳
✷✳✹ ❈❤❛r❛❦t❡r✐st✐❝❦é ❥❡✈② ❛ ♣❛r❛♠❡tr② ❙▲▼ ♣r♦❝❡s✉
❱ ♣r♦❝❡s✉ ✈ýr♦❜② s♦✉↔ást✐ t❡❝❤♥♦❧♦❣✐í ❙▲▼ s❡ ♣♦tý❦á♠❡ s ❥❡✈②✱ ❦t❡ré ♦✈❧✐✈➡✉❥í
✈❧❛st♥♦st✐ ✈ýs❧❡❞♥é❤♦ ❞í❧✉✳
✷✳✹✳✶ ❇❛❧❧✐♥❣ ❡❢❡❦t
❇❛❧❧✐♥❣ ❡❢❡❦t ❥❡ s♣❡❝✐✜❝❦ý ❥❡✈ ✈ ❙▲▼ ♣r♦❝❡s✉✱ ❦❞② r♦③t❛✈❡♥ý ❦♦✈ t✈♦➦í ❦✉❧♦✲
✈✐té ❦♦rá❧❦② ❦✈➲❧✐ ♥❡❞♦st❛t❡↔♥é s♠á↔✐✈♦st✐ ♣➦❡❞❝❤♦③í ✈rst✈② ❛ ♣♦✈r❝❤♦✈é♠✉ ♥❛♣➙tí✳
❏❡❤♦ ✈③♥✐❦ ❥❡ ♥❡➸á❞♦✉❝í✱ ♣r♦t♦➸❡ ③❛❜r❛➡✉❥❡ t✈♦r❜➙ s♣♦❥✐té❤♦ ♥á✈❛r✉ ❛ ✈②t✈á➦í ❤r✉❜ý
♣♦✈r❝❤✳ ❱ ✉r↔✐tý❝❤ ♣➦í♣❛❞❡❝❤ ♠➲➸❡ ❞♦❥ít ✐ ❦ ③❛❜❧♦❦♦✈á♥í ♠❡❝❤❛♥✐s♠✉ ♥❛♥á➨❡❥í❝í❤♦
str❛♥❛
✷✵
P➄❊❍▲❊❉ ❙❖❯❷❆❙◆➱❍❖ ❙❚❆❱❯ P❖❩◆➪◆❮
♣rá➨❡❦ ③ ❞➲✈♦❞✉ ✈③♥✐❦✉ ❦✉❧✐↔❡❦✱ ❦t❡ré ♣➦❡s❛❤✉❥í ✈ý➨❦✉ ♣♦✈r❝❤✉ st❛✈➙♥é s♦✉↔ást✐✱
✈✐③ ♦❜r✳✷✳✽✳ ▲♦✉✈✐s ❬✸❪ ③❦♦✉♠❛❧ ❤❧✐♥í❦♦✈♦✉ s❧✐t✐♥✉ ✻✵✻✶ ❛ ✉✈á❞í✱ ➸❡ ♣♦✉➸✐tí ✈②s♦❦é❤♦
✈ý❦♦♥✉ ❧❛s❡r✉ ❛ ♠❛❧é s❦❡♥♦✈❛❝í r②❝❤❧♦st✐ ✈❡❞❡ ❦ ✈③♥✐❦✉ ♥❡❦♦♥tr♦❧♦✈❛t❡❧♥➙ ✈❡❧❦é❤♦
♦❜❥❡♠✉ r♦③t❛✈❡♥é ❧á③♥➙ ③♣➲s♦❜✉❥í❝í ❜❛❧❧✐♥❣ ❡❢❡❦t✳ ◆❛♣r♦t✐ t♦♠✉ ▲✐ ❬✶✻❪ ③❦♦✉♠❛❧
♠♦➸♥♦st✐ ❡❧✐♠✐♥❛❝❡ ❜❛❧❧✐♥❣ ❡❢❡❦t✉ ♣r♦ s❧✐t✐♥✉ ✸✶✻▲ ❛ ✉✈á❞í✱ ➸❡ ♥í③❦ý ✈ý❦♦♥ ❧❛s❡r✉
✈ ❦♦♠❜✐♥❛❝✐ s ✈❡❧❦♦✉ r②❝❤❧♦stí ❧❛s❡r✉ ❛ ✈❡❧❦♦✉ t❧♦✉➨➫❦♦✉ ✈rst✈② ♣rá➨❦✉ ↔❛st♦ ✈❡❞❡
❦❡ ✈③♥✐❦✉ ❜❛❧❧✐♥❣ ❡❢❡❦t✉✳ ❱ ♣rá❝✐ ✉✈á❞í✱ ➸❡ t❡♥t♦ ❥❡✈ ♠➲➸❡ ❜ýt ③♥❛↔♥➙ ♣♦t❧❛↔❡♥ ♣➦✐
✉❞r➸❡♥í ♦❜s❛❤✉ ❦②s❧í❦✉ ✈ ❦♦♠♦➦❡ ♣♦❞ ✵✱✶ ✪ ♥❡❜♦ ♣♦✉➸✐tí♠ ♦♣❛❦♦✈❛♥é❤♦ s❦❡♥♦✈á♥í
✈rst❡✈ ❧❛s❡r❡♠✳ ❉❛❧➨í ♣rá❝❡ ③❛❜ý✈❛❥í❝í s❡ ③♣r❛❝♦✈á♥í♠ ❤❧✐♥í❦♦✈ý❝❤ s❧✐t✐♥ ✉✈á❞í✱ ➸❡ ♣➦✐
③✈ý➨❡♥í s❦❡♥♦✈❛❝í r②❝❤❧♦st✐ ❞♦➨❧♦ ❦ ✈ýr❛③♥➙❥➨í♠✉ ✈③♥✐❦✉ ❜❛❧❧✐♥❣ ❡❢❡❦t✉ ③ ❞➲✈♦❞✉ ❦❛✲
♣✐❧ár♥í ♥❡st❛❜✐❧✐t② r♦③t❛✈❡♥é ❧á③♥➙✱ ❦t❡rá ✈❡❞❡ ❦ r♦③st➦✐❦✉ ♠❛❧ý❝❤ ❦✉❧✐↔❡❦ ♥❛ ♣♦✈r❝❤✉
s♦✉↔ást✐ ❬✸✵✱✸✷❪✳ ❉❛s ❬✶✼❪ ✈②s✈➙t❧✉❥❡✱ ➸❡ ♣➦ít♦♠♥♦st ♦①✐❞❛↔♥í❤♦ ✜❧♠✉ ❜rá♥í s♣♦❥❡♥í
✈rst❡✈ ✈❡❞♦✉❝í ❦ ✈③♥✐❦✉ ❜❛❧❧✐♥❣ ❡❢❡❦t✉✳
❖❜r✳ ✷✳✽ ❆✮ ◆❛♥á➨❡♥í ♣r✈♥í ✈rst✈② ♣rá➨❦✉✱ ❇✮ ✈③♥✐❦ ❜❛❧❧✐♥❣ ❡❢❡❦t✉ ♣♦ s❦❡♥♦✈á♥í ❧❛s❡r❡♠✱ ❈✮ ♥❛♥á✲
➨❡♥í ❞r✉❤é ✈rst✈② ♣rá➨❦✉✱ ❉✮ ❞❛❧➨í ✈③♥✐❦ ❜❛❧❧✐♥❣ ❡❢❡❦t✉ ♣♦ s❦❡♥♦✈á♥í ❧❛s❡r❡♠ ❛ ③❛❜❧♦❦♦✈á♥í ♥❛♥á➨❡❝í❤♦
♠❡❝❤❛♥✐s♠✉ ❬✶✻❪
✷✳✹✳✷ ▼❛r❛♥❣♦♥✐❤♦ ♣r♦✉❞➙♥í
▼❛r❛♥❣♦♥✐❤♦ ♣r♦✉❞➙♥í ✈③♥✐❦❛❥í❝í ✈ t❛✈❡♥✐♥➙ ❦♦✈✉ ♠á ✈❧✐✈ ♥❛ ♣♦r♦③✐t✉ ③♣➲s♦❜❡✲
♥♦✉ ❜✉❜❧✐♥❛♠✐ ♣❧②♥✉✳ ❉♦♥❣❤✉❛ ❬✶✽❪ ③❦♦✉♠❛❧ ✈❧✐✈ ✈st✉♣✉❥í❝í ❧✐♥❡ár♥í ❤✉st♦t② ❡♥❡r❣✐❡
✭▲❊❉✮ ♥❛ ❝❤♦✈á♥í ❜✉❜❧✐♥ ♦①✐❞➲ ✈ t❛✈✐❝í ❧á③♥✐✳ ◆❛ ♦❜rá③❦✉ ✷✳✾ ❥❡ ③♥á③♦r♥➙♥♦ ❝❤♦✈á♥í
❜✉❜❧✐♥ ✈ t❛✈❡♥✐♥➙ ✈ ③á✈✐s❧♦st✐ ♥❛ ❤♦❞♥♦t➙ ▲❊❉✳ ❖❜rá③❡❦ ❛✮ ✉❦❛③✉❥❡ ❝❤♦✈á♥í ❜✉❜❧✐♥
♣➦✐ ❤♦❞♥♦t➙ ▲❊❉ ✶✺ KJ ➲m−1✳ ❱➙t➨✐♥❛ ❜✉❜❧✐♥ ❥❡ ❝❤②❝❡♥❛ ♣♦❞ ♣♦✈r❝❤❡♠ t❛✈✐❝í ❧á③♥➙
❦✈➲❧✐ ❥❡❥✐❝❤ ♠❛❧é r②❝❤❧♦st✐✳ ❖❜rá③❡❦ ❜✮ ♣r♦ ❤♦❞♥♦t✉ ▲❊❉ ✶✼✱✺ KJ ➲m−1 ✉❦❛③✉❥❡✱ ➸❡
❞í❦② ✈➙t➨í r②❝❤❧♦st✐ ❥s♦✉ ❜✉❜❧✐♥② s❝❤♦♣♥② t❛✈♥♦✉ ❧á③❡➡ ♦♣✉st✐t✳ P➦✐ ③✈ý➨❡♥í ▲❊❉ ♥❛
✷✵KJ ➲m−1✱ ♦❜r✳ ❝✮✱ ♠❛❥í ❜✉❜❧✐♥② ❞♦st❛t❡↔♥♦✉ r②❝❤❧♦st ♥❛ ♦♣✉➨t➙♥í ❧á③♥➙✱ ❛✈➨❛❦ ♣➦í✲
t♦♠♥♦st ✈í➦✐✈ý❝❤ r♦t❛↔♥í❝❤ ♣r♦✉❞➲ ♠á ③❛ ♥ás❧❡❞❡❦ ③❛❝❤②❝❡♥í ❜✉❜❧✐♥ ✉ s♣♦❞✉ t❛✈♥é
❧á③♥➙✳ ❩✈ý➨❡♥í♠ ▲❊❉ ❛➸ ♥❛ ✷✷✱✺ KJ ➲m−1 ❥s♦✉ ❜✉❜❧✐♥② ③❛❝❤②❝❡♥② ✈❡❧❦ý♠✐ ✈ír② ❛
st❛❤♦✈á♥② ❞♦ st➦❡❞✉ ❧á③♥➙✳ ❚♦ ✈❡❞❡ ❦ s❡s❦✉♣♦✈á♥í ❜✉❜❧✐♥ ✈❡ st➦❡❞✉ ❧á③♥➙ ❛ ♥ás❧❡❞♥é
str❛♥❛
✷✶
P➄❊❍▲❊❉ ❙❖❯❷❆❙◆➱❍❖ ❙❚❆❱❯ P❖❩◆➪◆❮
✈②➨➨í ♣♦r♦③✐t➙✳ P➦✐ tét♦ ❤♦❞♥♦t➙ ▲❊❉ ♠á t❛✈✐❝í ❧á③❡➡ t❡♥❞❡♥❝✐ s❡ r♦③st➦✐❦♦✈❛t ❞♦
♦❦♦❧í ③❛ ③✈ý➨❡♥í ✈ýs❦②t✉ ❜❛❧❧✐♥❣ ❡❢❡❦t✉✳
❖❜r✳ ✷✳✾ Pr♦✉❞➙♥í ❜✉❜❧✐♥ ✈ t❛✈❡♥✐♥➙ ✈ ③á✈✐s❧♦st✐ ♥❛ ✈st✉♣♥í ❤♦❞♥♦t➙ ❧✐♥❡ár♥í ❤✉st♦t②
❡♥❡r❣✐❡ ✭▲❊❉✮ ❬✶✽❪
✷✳✹✳✸ ❖①✐❞❛❝❡
❉❛❧➨í♠ ♥❡❣❛t✐✈♥í♠ ♣r♦❝❡s❡♠ ✈③♥✐❦❛❥í❝í♠ ✈ ♣r♦❝❡s✉ ❙▲▼ ❥❡ ♦①✐❞❛❝❡✳ ❱③♥✐❦ ♦①✐✲
❞❛↔♥í ✈rst✈② ♣➦✐ t✉❤♥✉tí r♦③t❛✈❡♥é ❧á③♥➙ ③♥❛↔♥➙ ♦✈❧✐✈➡✉❥❡ s❝❤♦♣♥♦st s♣♦❥❡♥í ❥❡❞✲
♥♦t❧✐✈ý❝❤ ✈rst❡✈✳ ❏❛❦ ✉✈á❞í ❑r✉t❤ ❬✶✽❪✱ ♦①✐❞❛↔♥í ✜❧♠ s♥✐➸✉❥❡ s♠á↔✐✈♦st ♣♦✈r❝❤➲ ❛
③❛♠❡③✉❥❡ s♣♦❥❡♥í ♥❛ ❜á③✐ ❝❤❡♠✐❝❦é r❡❛❦❝❡ ♣♦✈r❝❤➲ ↔✐stý❝❤ ❦♦✈➲✳ ❩ t♦❤♦ ❞➲✈♦❞✉
✈③♥✐❦❛❥í ♣ór② s ♣➦ít♦♠♥♦stí ♥❡r♦③t❛✈❡♥é❤♦ ♣rá➨❦✉✳ ▼íst❛ s ♣➦ít♦♠♥♦stí ♦①✐❞❛↔♥í❤♦
str❛♥❛
✷✷
P➄❊❍▲❊❉ ❙❖❯❷❆❙◆➱❍❖ ❙❚❆❱❯ P❖❩◆➪◆❮
✜❧♠✉ ♣♦❞♣♦r✉❥í ✈③♥✐❦ tr❤❧✐♥ ❛ ❧♦♠✉ s♦✉↔ást✐ ❬✶✾❪✳ ❱ ♣rá❝✐ ▲♦✉✈✐s❡ ❬✸❪ ❛✉t♦➦ ✉✈á❞í✱ ➸❡
ú♣❧♥é ③❛♠❡③❡♥í ✈③♥✐❦✉ ♦①✐❞❛↔♥í ✈rst✈② ♥❡♥í ♠♦➸♥é ③ ❞➲✈♦❞✉ ♥❡s❝❤♦♣♥♦st✐ ③❛❥✐st✐t
♥✉❧♦✈ý ♣♦❞í❧ ❦②s❧í❦✉ ✈ ❛t♠♦s❢é➦❡ ♣r❛❝♦✈♥í ❦♦♠♦r②✳ ▼♦➸♥♦✉ ❝❡st♦✉ ❦ ③❛♠❡③❡♥í ✈❧✐✈✉
♥❡❣❛t✐✈♥í❝❤ ✈❧❛st♥♦stí ♦①✐❞❛↔♥í ✈rst✈② ❥❡ ❥❡❥í ♣♦r✉➨❡♥í✳ ❉í❦② ✈②s♦❦é♠✉ ✈ý❦♦♥✉ ❧❛s❡r✉
s❡ ♠á ✈r❝❤♥í ✈rst✈❛ ♦①✐❞❛↔♥í❤♦ ✜❧♠✉ t❡♥❞❡♥❝✐ ✈②♣❛➦✐t ❛ ♣➲s♦❜❡♥í♠ ▼❛r❛♥❣♦♥✐❤♦ s✐❧
✉✈♥✐t➦ r♦③t❛✈❡♥é ❧á③♥➙ ❞♦❝❤á③í ❦ ♣♦r✉➨❡♥í ♦①✐❞❛↔♥í ✈rst✈② ♣♦❞ ❧á③♥í✱ ✈✐③ ♦❜r✳✷✳✶✵✳
❖❜r✳ ✷✳✶✵ ❆ ✲ P➲s♦❜❡♥í ▼❛r❛♥❣♦♥✐❤♦ s✐❧ ✈ r♦③t❛✈❡♥é ❧á③♥✐✳ ❇ ✲ P♦r✉➨❡♥í ♦①✐❞❛↔♥í❤♦ ✜❧♠✉ ♣➦✐ t✉❤♥✉tí
❧á③♥➙ ❬✸❪
✷✳✹✳✹ ❙❝❤♦❞♦✈✐tý ❡❢❡❦t
◆❡♣➦í③♥✐✈ý♠ ❥❡✈❡♠ ♣➦✐ st❛✈➙♥í ❞í❧➲ ❥❡ s❝❤♦❞♦✈ý ❡❢❡❦t✱ ❦t❡rý s❡ ♣r♦❥❡✈✉❥❡ ♥❛
♣❧♦❝❤á❝❤ s ú❤❧❡♠ ❥✐♥ý♠ ♥❡➸ ✵➦ ❛ ✾✵➦✳ ❏❛❦ ❧③❡ ✈✐❞➙t ♥❛ ♦❜rá③❦✉ ✷✳✶✶✱ ♥❡❥✈í❝❡ ♦✈❧✐✈➡✉❥❡
s❝❤♦❞♦✈✐tý ❡❢❡❦t t❧♦✉➨➫❦❛ ✈rst✈②✱ ❛ ❥❡❤♦ ♥❡❣❛t✐✈♥í ✈❧✐✈ r♦st❡ s❡ s♥✐➸✉❥í❝í♠ s❡ ú❤❧❡♠✳
P♦t❧❛↔✐t ✈③♥✐❦ s❝❤♦❞♦✈✐té❤♦ ❡❢❡❦t✉ ❧③❡ ♣➦❡t❛✈❡♥í♠ ❦♦♥t✉r ❬✷✵❪✳
❖❜r✳ ✷✳✶✶ ❙❝❤♦❞♦✈✐tý ❡❢❡❦t ❙▲▼ ❞í❧➲✳ ❧ ✲ t❧♦✉➨➫❦❛ ✈rst✈②✱ ❛❧❢❛ ✲ ✉❤é❧ ♣♦✲
✈r❝❤✉✱ s ✲ ✈❡❧✐❦♦st s❝❤♦❞✉ ❬✷✵❪
✷✳✹✳✺ ❙❦❡♥♦✈❛❝í str❛t❡❣✐❡
❙❦❡♥♦✈❛❝í str❛t❡❣✐❡ ✉❞á✈á ❞rá❤✉ ❧❛s❡r✉✱ ❦t❡r♦✉ s❡ ♠á ✈ýs❧❡❞♥á s♦✉↔ást st❛✈➙t✳
❚②t♦ str❛t❡❣✐❡ ❥s♦✉ ✉r↔❡♥② ✈ýr♦❜❝✐ s♦❢t✇❛r✉ ❦ ❙▲▼ ③❛➦í③❡♥í ❛ ♥❛❜í③í ✈ý❜➙r ③ ♥➙❦♦❧✐❦❛
♠♦➸♥♦stí✳ ◆❛ ♦❜rá③❦✉ ✺✳✶✺ ❥❞❡ ✈✐❞➙t ♥❡❥↔❛st➙❥✐ ♣♦✉➸í✈❛♥é s❦❡♥♦✈❛❝í str❛t❡❣✐❡✳
str❛♥❛
✷✸
P➄❊❍▲❊❉ ❙❖❯❷❆❙◆➱❍❖ ❙❚❆❱❯ P❖❩◆➪◆❮
❖❜r✳ ✷✳✶✷ ❙❦❡♥♦✈❛❝í str❛t❡❣✐❡✿ ❆ ✲ ❥❡❞♥♦s♠➙r♥á✱ ❇ ✲ ♦❜♦✉s♠➙r♥á✱ ❈ ✲ ♦❜♦✉s♠➙r♥á s ♣♦♦✲
t♦↔❡♥í♠ ♦ ✾✵➦✱ ❉ ✲ ✐s❧❛♥❞ str❛t❡❣②✱ ❊ ✲ ✐s❧❛♥❞ str❛t❡❣② s ♣♦♦t♦↔❡♥í♠ ♦ ✾✵➦ ❛ ♣♦s✉✈❡♠ ❬✷✶❪
P♦✉➸✐tá s❦❡♥♦✈❛❝í str❛t❡❣✐❡ ♣➦✐ ✈ýr♦❜➙ ♦✈❧✐✈➡✉❥❡ ✈ýs❧❡❞♥é ✈❧❛st♥♦st✐ s♦✉↔ást✐✳
❑r✉t❤ ❬✷✷❪ ✉✈❡❞❧✱ ➸❡ ♣➦✐ s❦❡♥♦✈á♥í ♠❡♥➨í❝❤ ♦❜❧❛stí ❞♦❝❤á③í ❦ ♠❡♥➨í♠✉ ♦❞✈♦❞✉ t❡♣❧❛
③❡ s❦❡♥♦✈❛♥é ♦❜❧❛st✐✱ ❛ ❥❡ t❛❦ ♠♦➸♥é ❞♦sá❤♥♦✉t ❧❡♣➨í s♠á↔✐✈♦st✐ ♠❡③✐ ♣♦✈r❝❤② ❥❡❞✲
♥♦t❧✐✈ý❝❤ ✈rst❡✈ ❛ ❞r❛❤✱ ❝♦➸ ✈❡❞❡ ❦ ❞♦s❛➸❡♥í ✈➙t➨í ❤✉st♦t②✳ ❩❦♦✉♠❛❧ ✐ ✈❧✐✈ s❦❡♥♦✈❛❝í
str❛t❡❣✐❡ ♥❛ ❦➦✐✈♦st ♣♦✈r❝❤✉✳ ❯❦á③❛❧♦ s❡✱ ➸❡ ♣➦✐ ♣♦✉➸✐tí ✐s❧❛♥❞ s❝❛♥ str❛t❡❣② ❥❡ ✈r❝❤♥í
♣♦✈r❝❤ s♦✉↔ást✐ r♦✈♥➙❥➨í ♥❡➸ ✉ ❥❡❞♥♦s♠➙r♥é str❛t❡❣✐❡✳ P♦✉➸✐tí ✈❤♦❞♥é s❦❡♥♦✈❛❝í str❛✲
t❡❣✐❡ ♦✈❧✐✈➡✉❥❡ t❛❦é ✈ýs❧❡❞♥é ✈♥✐t➦♥í ♣♥✉tí ✈ s♦✉↔ást✐ ❬✷✸❪✳
✷✳✹✳✻ ❘❡✲♠❡❧t✐♥❣
P♦♠♦❝í r❡✲♠❡❧t✐♥❣✉ ❥❡ ♠♦➸♥é ❞♦sá❤♥♦✉t ✉ ✈②rá❜➙♥ý❝❤ s♦✉↔ástí s♥í➸❡♥í ♣♦r♦③✐t②
❛ ③❧❡♣➨❡♥í ❞rs♥♦st✐ ♣♦✈r❝❤✉ s♦✉↔ást✐✳ ❏❞❡ ♦ ♦♣❛❦♦✈❛♥é s❦❡♥♦✈á♥í ❥✐➸ r♦③t❛✈❡♥é ✈rst✈②
♣rá➨❦✉ ❧❛s❡r❡♠✳ ❙❡❧❡❝t✐✈❡ ❧❛s❡r r❡✲♠❡❧t✐♥❣ ✭❙▲❘✮ ❥❡ ✈❤♦❞♥é ♣♦✉➸ít ✉ s♦✉↔ástí✱ ❦❞❡
♥❡❜②❧♦ ❞♦s❛➸❡♥♦ ✉s♣♦❦♦❥✐✈é ♣♦r♦③✐t② ❛ ✉ s♦✉↔ástí✱ ❦❞❡ ❥❡ ♣♦➸❛❞♦✈á♥❛ ❞♦❜rá ❦♦♠✲
❜✐♥❛❝❡ ♣❡✈♥♦st✐ ❛ ✈②s♦❦é t❛➸♥♦st✐ ❬✷✵❪✳ ❩ ♦❜rá③❦✉ ✷✳✶✸✱ ❦t❡rý ③♦❜r❛③✉❥❡ ✈❧✐✈ ❙▲❘
♥❛ ❤♦❞♥♦t✉ ♣♦r♦③✐t② s♦✉↔ást✐ ③ ♠❛t❡r✐á❧✉ ✸✶✻▲✱ ❥❡ ♣❛tr♥é✱ ➸❡ ♣♦✉➸✐tí♠ r❡✲♠❡❧t✐♥❣✉
❤♦❞♥♦t❛ ♣♦r♦③✐t② ♠➲➸❡ ❦❧❡s♥♦✉t ③ ✵✱✼✼ ✪ ❛➸ ♥❛ ✵✱✵✸✷ ✪✳




P➄❊❍▲❊❉ ❙❖❯❷❆❙◆➱❍❖ ❙❚❆❱❯ P❖❩◆➪◆❮
✷✳✹✳✼ ▼❡❝❤❛♥✐❝❦é ✈❧❛st♥♦st✐ ❙▲▼ ❞í❧➲
❱ýs❧❡❞♥é ♠❡❝❤❛♥✐❝❦é ✈❧❛st♥♦st✐ ❞í❧➲ ✈②r♦❜❡♥ý❝❤ t❡❝❤♥♦❧♦❣✐í ❙▲▼ ③á✈✐sí ♥❛ ♠♥♦❤❛
♣❛r❛♠❡tr❡❝❤✳ ◆❡❥❧❡♣➨í❝❤ ♠❡❝❤❛♥✐❝❦ý❝❤ ✈❧❛st♥♦stí ❞♦s❛❤✉❥í ✈③♦r❦② s ❝♦ ♥❡❥♠❡♥➨í ❤♦❞✲
♥♦t♦✉ ♣♦r♦③✐t②✳ ❘➲③♥ý s♠➙r st❛✈❜② t❛❤♦✈ý❝❤ ✈③♦r❦➲ ♣r♦ s❧✐t✐♥✉ ❆❧❙✐✶✵▼❣ ✉❦á③❛❧✱
➸❡ s♠➙r st❛✈❜② ♥❡❤r❛❥❡ ✈ý③♥❛♠♥♦✉ r♦❧✐ ❬✷✹❪✳ ◆❛ ♦❜rá③❦✉ ✷✳✶✹ ❥❡ t❛❤♦✈ý ❞✐❛❣r❛♠
s ♣♦r♦✈♥á♥í♠ ♣❡✈♥♦st✐ ❤♦r✐③♦♥á❧♥➙ ❛ ✈❡rt✐❦á❧♥➙ st❛✈➙♥é❤♦ t❛❤♦✈é❤♦ ✈③♦r❦✉✳ ❆✈➨❛❦
✈ ♣rá❝✐ ❚r❛❞♦✇s❦② ❬✶✾❪ ❛✉t♦➦✐ ✉✈á❞í✱ ➸❡ ✈❡ ✈❡rt✐❦á❧♥➙ st❛✈➙♥é♠ t❛❤♦✈é♠ ✈③♦r❦✉ ✈③♥✐✲
❦❛❥í ♥❡♣➦í③♥✐✈➙ ♦r✐❡♥t♦✈❛♥é tr❤❧✐♥②✱ ❦t❡ré s♥✐➸✉❥í ✈ýs❧❡❞♥♦✉ ♣❡✈♥♦st✳ ❚❛t♦ s❦✉t❡↔♥♦st
s❡ ♣r♦❥❡✈í ♣➦❡❞❡✈➨í♠ ✈ ❞í❧❡❝❤ s ✈②➨➨í ♣r♦❝❡♥t✉á❧♥í ♣♦r♦③✐t♦✉✳
❖❜r✳ ✷✳✶✹ ❱❧✐✈ ♦r✐❡♥t❛❝❡ st❛✈❜② t❛❤♦✈ý❝❤ ✈③♦r❦➲ ♠❛t❡r✐á❧✉ ❆❧❙✐✶✵▼❣ ❬✷✹❪
▼❡③ ú♥❛✈② ♣➦✐ ❝②❦❧✐❝❦é♠ ③❛t➙➸♦✈á♥í ✉ ✈③♦r❦➲ ✈②r♦❜❡♥ý❝❤ ❙▲▼ ❥❡ ③á✈✐s❧á ♥❛
♠♥♦➸st✈í ❛ ❞r✉❤✉ ✈③♥✐❦❧ý❝❤ ♣ór➲ ❬✷✺❪✳ ▼❡t❛❧✉r❣✐❝❦é ♣ór②✱ ❦t❡ré ♠❛❥í ❦✉❧♦✈✐tý t✈❛r
❛ ❥s♦✉ ✈②t✈♦➦❡♥② ③❛❝❤②❝❡♥í♠ ♣❧②♥✉ ✈ t❛✈❡♥✐♥➙ ❥s♦✉ ♠é♥➙ ♥❡❜❡③♣❡↔♥é ♥❡➸ ❦❡②❤♦❧❡
♣ór②✱ ❦t❡ré ♠❛❥í t✈❛r ♠♥♦❤♦st➙♥✉ ❛ ✈③♥✐❦❛❥í ➨♣❛t♥ý♠ ♥❛st❛✈❡♥í♠ ♣r♦❝❡s♥í❝❤ ♣❛r❛✲
♠❡tr➲✳
❱ýr♦❜♥í t❡❝❤♥♦❧♦❣✐í ❙▲▼ ❥❡ ♠♦➸♥é ✈②r♦❜✐t s♦✉↔ást✐ ③ ♠❛t❡r✐á❧➲ s ✈❡❧♠✐ ❥❡♠✲
♥♦✉ str✉❦t✉r♦✉✳ ❚♦ ❥❡ ③❡❥♠é♥❛ ❞➲✈♦❞✱ ♣r♦↔ s♦✉↔ást✐ ③ ❙▲▼ ♠❛❥í ❧❡♣➨í ♠❡❝❤❛♥✐❝❦é
✈❧❛st♥♦st✐ ♥❡➸ s♦✉↔ást✐ ✈②r♦❜❡♥é ❦♦♥✈❡♥↔♥í♠ ♦❞❧é✈á♥í♠ ❬✷✻✱✷✼✱✷✽❪✳
✷✳✺ ❍❧✐♥í❦♦✈é s❧✐t✐♥② ③♣r❛❝♦✈❛♥é ♠❡t♦❞♦✉ ❙▲▼
❍❧✐♥í❦♦✈é s❧✐t✐♥② ♣❛t➦í ♠❡③✐ ❤♦❥♥➙ st✉❞♦✈❛♥ý ♠❛t❡r✐á❧ ✈ rá♠❝✐ ③♣r❛❝♦✈á♥í t❡❝❤✲
♥♦❧♦❣✐í ❙▲▼✳ ❏❛❦ ❛❧❡ ✉❦❛③✉❥❡ ♦❜r✳✷✳✶✺✱ ❥❡❥✐❝❤ ③❛st♦✉♣❡♥í ✈ ♣♦r♦✈♥á♥í s ♦❝❡❧♦✈ý♠✐
❛ t✐t❛♥♦✈ý♠✐ s❧✐t✐♥❛♠✐ ❥❡ ♠❡♥➨✐♥♦✈é✳ ❙♣♦❧✉ s ♠❛t❡r✐á❧② ♥❛ ❜á③✐ ♠➙❞✐✱ ♠❛❣♥é③✐❛
❛ ❦♦❜❛❧t✲❝❤r♦♠✉ ❥s♦✉ ③❛st♦✉♣❡♥② ✈ ↔ást✐ ♦st❛t♥í ❦♦✈♦✈é ♠❛t❡r✐á❧② ③♣r❛❝♦✈❛♥é ♣♦✲
♠♦❝í ❙▲▼✳ ◆❡❥↔❛st➙❥✐ ③❦♦✉♠❛♥♦✉ ❤❧✐♥í❦♦✈♦✉ s❧✐t✐♥♦✉ ❥❡ ❆❧❙✐✶✵▼❣✳
str❛♥❛
✷✺
P➄❊❍▲❊❉ ❙❖❯❷❆❙◆➱❍❖ ❙❚❆❱❯ P❖❩◆➪◆❮
❖❜r✳ ✷✳✶✺ ●r❛❢ ③♦❜r❛③✉❥í❝í ♣♦❞í❧ ♠❛t❡r✐á❧➲ ✉➸í✈á♥ý❝❤ ✈ ❙▲▼ t❡❝❤♥♦❧♦✲
❣✐✐❬✷✾❪
❖❜❡❝♥ý♠✐ ✈ý❤♦❞❛♠✐ ❤❧✐♥í❦♦✈ý❝❤ s❧✐t✐♥ ❥❡ ❥❡❥✐❝❤ ❞♦❜rý ♣♦♠➙r ♣❡✈♥♦st✐ ✈➲↔✐ ❤♠♦t✲
♥♦st✐✳ ❖❧❛❦❛♥♠✐ ❬✷❪ ✉✈á❞í✱ ➸❡ ♣♦③✐t✐✈♥í♠✐ ✈❧❛st♥♦st♠✐ ❡✉t❡❦t✐❝❦é s❧✐t✐♥② ❆❧✲❙✐ ♣r♦
③♣r❛❝♦✈á♥í t❡❝❤♥♦❧♦❣✐í ❙▲▼ ❥s♦✉ ❥❡❥í ♠❛❧á t❡♣❡❧♥á r♦③t❛➸♥♦st ❛ r♦✈♥♦♠➙r♥á ❞✐str✐✲
❜✉❝❡ ✜❧♠✉ ♣♦✈r❝❤♦✈é ♦①✐❞❛❝❡✳ ❆✈➨❛❦ ♥❡✈ý❤♦❞❛♠✐✱ ❦t❡rý♠✐ s❡ ❤❧✐♥í❦♦✈é s❧✐t✐♥② ❧✐➨í ♦❞
♦st❛t♥í❝❤ ♠❛t❡r✐á❧➲ ③♣r❛❝♦✈❛♥ý❝❤ ♠❡t♦❞♦✉ ❙▲▼✱ ❥s♦✉ ❥❡❥✐❝❤ ♦❞r❛③✐✈♦st✱ ➨♣❛t♥á t❡✲
❦✉t♦st ♣rá➨❦✉ ❛ ✈③♥✐❦ ♦①✐❞❛↔♥í❤♦ ✜❧♠✉ ♣♦❦rý✈❛❥í❝í ❦❛➸❞♦✉ ✈rst✈✉✳ ❖❞r❛③✐✈♦st✱ ❦t❡rá
❞♦s❛❤✉❥❡ ❛➸ ✾✶ ✪✱ ✈②➸❛❞✉❥❡ ♣♦✉➸✐tí ✈➙t➨í❤♦ ✈ý❦♦♥✉ ❧❛s❡r✉✳ ❩ ❞➲✈♦❞✉ ➨♣❛t♥é t❡❦✉✲
t♦st✐ ♣rá➨❦✉ ♥❡♥í ❤❧✐♥í❦♦✈ý ♣rá➨❡❦ ✈❤♦❞♥ý ♣r♦ ♥➙❦t❡ré ♥❛♥á➨❡↔❡ ♣rá➨❦✉✳ ❖①✐❞❛❝❡ ✈
♣r➲❜➙❤✉ ♣r♦❝❡s✉ ❜rá♥í s♣rá✈♥é♠✉ s♣♦❥❡♥í ❥❡❞♥♦t❧✐✈ý❝❤ ✈rst❡✈ ❛ ♦✈❧✐✈➡✉❥❡ s♠á↔✐✈♦st
s♦✉s❡❞♥í❝❤ ♣♦✈r❝❤➲ ❬✸❪✳
✷✳✺✳✶ ❘❡❧❛t✐✈♥í ❤✉st♦t❛ s❧✐t✐♥ ❤❧✐♥í❦✉ ✈ ❙▲▼
Pr✈♥í♠ ❝í❧❡♠ ♣➦✐ ③♣r❛❝♦✈á♥í ♥♦✈é❤♦ ♠❛t❡r✐á❧✉ t❡❝❤♥♦❧♦❣✐í ❙▲▼ ❥❡ ❞♦s❛➸❡♥í ❝♦
♥❡❥✈➙t➨í r❡❧❛t✐✈♥í ❤✉st♦t② ✈②rá❜➙♥ý❝❤ ❞í❧➲✳ ❚❛ ❥❡ ③á✈✐s❧á ③✈❧á➨t➙ ♥❛ ♣r♦❝❡s♥í❝❤ ♣❛r❛✲
♠❡tr❡❝❤ ✈ ♣r➲❜➙❤✉ ♣r♦❝❡s✉✱ ❛❧❡ t❛❦é ♥❛ ✈❧❛st♥♦st❡❝❤ ♠❡t❛❧✉r❣✐❝❦é❤♦ ♣rá➨❦✉✳
❱ý❦♦♥ ❧❛s❡r✉✱ s❦❡♥♦✈❛❝í r②❝❤❧♦st✱ ✈③❞á❧❡♥♦st ➨r❛❢ ❛ t❧♦✉➨➫❦❛ ✈rst✈② ❥s♦✉ ♣r♦❝❡s♥í
♣❛r❛♠❡tr②✱ ❦t❡ré ✉r↔✉❥í ❤✉st♦t✉ ❡♥❡r❣✐❡ ✈st✉♣✉❥í❝í ❞♦ ♣r♦❝❡s✉ ❛ tí♠ ✐ ✈ýs❧❡❞♥♦✉ r❡❧❛✲
t✐✈♥í ❤✉st♦t✉ ❞í❧✉✳ P♦❞❧❡ ✈③♦r❝❡ ✷✳✶ ❥s♠❡ s❝❤♦♣♥✐ ✈②♣♦↔ít❛t ❤✉st♦t✉ ❡♥❡r❣✐❡ ✈st✉♣✉❥í❝í
❞♦ ♣r♦❝❡s✉✳ ❑✐♠✉r❛ ❬✺❪ ✉❦á③❛❧✱ ➸❡ r❡❧❛t✐✈♥í ❤✉st♦t❛ ✈③♦r❦➲ ③ ♠❛t❡r✐á❧➲ ❆❧❙✐✼▼❣✵✱✸
♠➲➸❡ ❜ýt ➦í③❡♥❛ ❤✉st♦t♦✉ ✈st✉♣♥í ❡♥❡r❣✐❡✳
Ed =
P
v ➲ d ➲ t
✭✷✳✶✮
Ed ❏✴♠♠✸ ❍✉st♦t❛ ❡♥❡r❣✐❡ ✈st✉♣✉❥í❝í ❞♦ ♣r♦❝❡s✉
P ❲ ❱ý❦♦♥ ❧❛s❡r✉
v ♠♠✴s ❙❦❡♥♦✈❛❝í r②❝❤❧♦st ❧❛s❡r✉
d ♠♠ ❱③❞á❧❡♥♦st ➨r❛❢
t ♠♠ ❚❧♦✉➨➫❦❛ ✈rst✈②
str❛♥❛
✷✻
P➄❊❍▲❊❉ ❙❖❯❷❆❙◆➱❍❖ ❙❚❆❱❯ P❖❩◆➪◆❮
❑❛♥❣ ❬✸✵❪ ③❦♦✉♠❛❧ s❧✐t✐♥✉ ❆❧❙✐✶✷ ❛ ③❥✐st✐❧✱ ➸❡ ♣➦✐ ❦♦♥st❛t♥í♠ ✈ý❦♦♥✉ ❧❛s❡r✉ ✸✵✵
❲ ❛ r➲③♥ý❝❤ r②❝❤❧♦st❡❝❤ ❧❛s❡r✉ ✺✵✵✱ ✼✺✵ ❛ ✶✵✵✵ ♠♠✴s s❡ r❡❧❛t✐✈♥í ❤✉st♦t❛ ✈③♦r❦➲
té♠➙➦ ♥❡③♠➙♥✐❧❛ ❛ ③➲st❛❧❛ ♥❛ ❦♦♥st❛t♥í❝❤ ✾✾ ✪✳ ▲③❡ ✉s♦✉❞✐t✱ ➸❡ ♣r♦ ❝♦ ♥❡❥✈②➨➨í r❡❧❛✲
t✐✈♥í ❤✉st♦t✉ ✈③♦r❦➲ ♥❡♥í s♠➙r♦❞❛t♥á ♣♦✉③❡ ✈st✉♣♥í ❤✉st♦t❛ ❡♥❡r❣✐❡✱ ❛❧❡ ✐ ♦♣t✐♠❛❧♥í
❦♦♠❜✐♥❛❝❡ ♣r♦❝❡s♥í❝❤ ♣❛r❛♠❡tr➲✱ ❦t❡ré ❥✐ ✉r↔✉❥í✳ ❱ t♦♠t♦ ♣➦í♣❛❞➙ ♠á ❤❧❛✈♥í ♣♦❞í❧
♥❛ ❞♦s❛➸❡♥í ♥❡❥✈②➨➨í r❡❧❛t✐✈♥í ❤✉st♦t② ✈ý❦♦♥ ❧❛s❡r✉✳ ❑✐♠✉r❛ ❬✸✶❪ ✈❡ s✈é ❞❛❧➨í ♣rá❝✐
③❦♦✉♠❛❧ ✈❧✐✈ ♣♦❞í❧✉ ❦➦❡♠í❦✉ ✈ s❧✐t✐♥➙ ❆❧✲❙✐ ♥❛ ❤♦❞♥♦t✉ ❤✉st♦t② ❡♥❡r❣✐❡ ✈st✉♣✉❥í❝í
❞♦ ♣r♦❝❡s✉ ♣r♦ ❞♦s❛➸❡♥í ♠❛①✐♠á❧♥í r❡❧❛t✐✈♥í ❤✉st♦t② ♠❛t❡r✐á❧✉✳ Pr♦ ♠❛t❡r✐á❧② ❆❧❙✐✵✱
✹✱ ✼✱ ✶✵✱ ✶✷ s❡ ♠✉ ♣♦❞❛➦✐❧♦ ❞♦sá❤♥♦✉t té♠➙➦ ✶✵✵✪ r❡❧❛t✐✈♥í ❤✉st♦t② ♠❛t❡r✐á❧✉✳ ◆❛
♦❜rá③❦✉ ✷✳✶✻ ❥❡ ③♦❜r❛③❡♥ ❣r❛❢ ③á✈✐s❧♦st✐ ♣♦❞í❧✉ ❦➦❡♠í❦✉ ✈❡ s❧✐t✐♥➙ ❛ ❤♦❞♥♦t➙ ✈st✉♣♥í
❤✉st♦t② ❡♥❡r❣✐❡✳ ▲③❡ ❦♦♥st❛t♦✈❛t✱ ➸❡ ♣♦❞í❧ ❥❡❞♥♦t❧✐✈ý❝❤ ♣r✈❦➲ ♠á ✈ý③♥❛♠♥ý ✈❧✐✈ ♥❛
❡♥❡r❣✐✐ ♣♦t➦❡❜♥♦✉ ❦ ✈ýr♦❜➙ ❞í❧➲ s té♠➙➦ ✶✵✵✪ r❡❧❛t✐✈♥í ❤✉st♦t♦✉✳ ❘❛♦ ❬✶✵❪ ③❦♦✉♠❛❧
s❧✐t✐♥✉ ❆❧❙✐✼▼❣✵✱✻ ✭st❡❥♥á s❧✐t✐♥❛ ❥❛❦♦ ✈ tét♦ ♣rá❝✐✮ ❛ ✈❧✐✈ ❥❡❞♥♦t❧✐✈ý❝❤ ♣r♦❝❡s♥í❝❤
♣❛r❛♠❡tr➲ ♥❛ ❥❡❥í r❡❧❛t✐✈♥í ❤✉st♦t✉✳ P♦❞❛➦✐❧♦ s❡ ♠✉ ❞♦sá❤♥♦✉ r❡❧❛t✐✈♥í ❤✉st♦t② ✾✾✱✼✾
✪ ± ✵✱✹✸ ✪ ♣➦✐ ♣r♦❝❡s♥í❝❤ ♣❛r❛♠❡tr❡❝❤ ✈ý❦♦♥✉ ❧❛s❡r✉ ✸✵✵ ❲✱ r②❝❤❧♦st✐ ❧❛s❡r✉ ✷✵✵✵
♠♠✴s✱ ✵✱✶ ♠♠ ✈③❞á❧❡♥♦st✐ ➨r❛❢ ❛ t❧♦✉➨➫❝❡ ✈rst✈② ✵✱✵✸ ♠♠✳
❖❜r✳ ✷✳✶✻ ●r❛❢ ③á✈✐s❧♦st✐ ♣♦❞í❧✉ ❙✐ ♥❛ ❤♦❞♥♦t➙ ✈st✉♣♥í ❤✉st♦t② ❡♥❡r❣✐❡ ♣r♦
❞♦s❛➸❡♥í ♠❛①✐♠á❧♥í r❡❧❛t✐✈♥í ❤✉st♦t② ❬✸✶❪
❍✉st♦t❛ ✈st✉♣♥í ❡♥❡r❣✐❡ ❛ s ♥í s♣♦❥❡♥é ♣r♦❝❡s♥í ♣❛r❛♠❡tr② ♥❡♠❛❥í ❥❛❦♦ ❥❡❞✐♥é
✈❧✐✈ ♥❛ ❤♦❞♥♦t✉ r❡❧❛t✐✈♥í ❤✉st♦t② ✈②r♦❜❡♥é❤♦ ❞í❧✉✳ ❖❧❛❦❛♥♠✐ ❬✷❪ ✉✈á❞í✱ ➸❡ ♥❛ ✈ýs❧❡❞✲
♥♦✉ r❡❧❛t✐✈♥í ❤✉st♦t✉ ❞í❧✉ ♠á ♠✐♠♦ ♣r♦❝❡s♥í❝❤ ♣❛r❛♠❡tr➲ ✈❧✐✈ t✈❛r ↔ást✐❝ ♣rá➨❦✉✱
♠♥♦➸st✈í ♦①✐❞✉ ♣➦ít♦♠♥é❤♦ ✈ ♣rá➨❦✉ ❛ s❧♦➸❡♥í s❧✐t✐♥②✳
P♦r♦③✐t❛
P♦r♦③✐t❛ ❤❧✐♥í❦♦✈ý❝❤ s♦✉↔ástí ✈②r♦❜❡♥ý❝❤ ❙▲▼ ❥❡ ❥❡❞♥í♠ ③ ❤❧❛✈♥í❝❤ ❢❛❦t♦r➲ ♦✈❧✐✈✲
➡✉❥í❝í❝❤ ❤♦❞♥♦t✉ ♠❡③❡ ú♥❛✈②✳ ❏❞❡ ♦ ✐♥✈❡r③♥í ✈②❥á❞➦❡♥í ❤♦❞♥♦t② r❡❧❛t✐✈♥í ❤✉st♦t②
♠❛t❡r✐á❧✉✳ ❙♥❛❤♦✉ ❥❡ ❝♦ ♥❡❥✈í❝❡ ❡❧✐♠✐♥♦✈❛t ✈③♥✐❦ ♣ór➲ ❛ ❥❡❥✐❝❤ ✈❧✐✈ ♥❛ ♠❡❝❤❛♥✐❝❦é
str❛♥❛
✷✼
P➄❊❍▲❊❉ ❙❖❯❷❆❙◆➱❍❖ ❙❚❆❱❯ P❖❩◆➪◆❮
✈❧❛st♥♦st✐✳ P♦r♦③✐t✉ ❧③❡ r♦③❞➙❧✐t ♣♦❞❧❡ ♠❡❝❤❛♥✐s♠✉ ✈③♥✐❦✉ ❛ ✈❡❧✐❦♦stí ♣ór➲ ❞♦ ❞✈♦✉
s❦✉♣✐♥✿❬✸✷❪
• ▼❡t❛❧✉r❣✐❝❦é ♣ór② ✲ ♠❛❥í s❢ér✐❝❦ý t✈❛r s ✈❡❧✐❦♦stí ♠❡♥➨í ♥❡➸ ✶✵✵ µ♠✳ ❱③♥✐❦❛❥í
♣➦✐ ♠❛❧ý❝❤ s❦❡♥♦✈❛❝í❝❤ r②❝❤❧♦st❡❝❤ ❧❛s❡r✉ ③ ♣❧②♥➲ ③❛❝❤②❝❡♥ý❝❤ ✈ t❛✈✐❝í ❧á③♥✐
♥❡❜♦ ✉✈♦❧♥➙♥ý❝❤ ③ ♣rá➨❦✉ ❜➙❤❡♠ t✉❤♥✉tí✳ ❱②s♦❦á ❤✉st♦t❛ ✈st✉♣♥í ❡♥❡r❣✐❡ ✈❡❞❡
❦ r♦③sá❤❧é♠✉ ✈③♥✐❦✉ ♣ór➲ t♦❤♦t♦ t②♣✉✳ P♦✉③❡ ③♠➙♥♦✉ ♣r♦❝❡s♥í❝❤ ♣❛r❛♠❡tr➲
♥❡❧③❡ ❡❧✐♠✐♥♦✈❛t ❥❡❥✐❝❤ ✈③♥✐❦✳
• ❑❡②❤♦❧❡ ♣ór② ✲ ♠❛❥í ♥❡♣r❛✈✐❞❡❧♥ý t✈❛r s ✈❡❧✐❦♦stí ✈➙t➨í ♥❡➸ ✶✵✵ µ♠✳ ❱③♥✐❦❛❥í
♣➦✐ ✈②➨➨í❝❤ s❦❡♥♦✈❛❝í❝❤ r②❝❤❧♦st❡❝❤ ❧❛s❡r✉ ③ ❞➲✈♦❞✉ ♣➦í❧✐➨ r②❝❤❧é❤♦ t✉❤♥✉tí
r♦③t❛✈❡♥é ❧á③♥➙✳ ❏❡❥✐❝❤ ✈③♥✐❦ ❥❡ ③á✈✐s❧ý ♥❛ ♥❛st❛✈❡♥í ♣r♦❝❡s♥í❝❤ ♣❛r❛♠❡tr➲✳
✷✳✺✳✷ ❍❧✐♥í❦♦✈á s❧✐t✐♥❛ ❆❧❙✐✼▼❣✵✳✻ ✈ ♦❞❧é✈❛♥é♠ st❛✈✉
◆❛ ♦❜rá③❦✉ ✷✳✶✼ ❧③❡ ✈✐❞➙t ❢á③♦✈ý ❞✐❛❣r❛♠ ❆❧✲❙✐ s❧✐t✐♥✱ ③ ❦t❡ré❤♦ ✈②♣❧ý✈á✱ ➸❡ s❧✐t✐♥❛
❆❧❙✐✼▼❣✵✱✻ ❥❡ ♣♦❞❡✉t❡❦t✐❝❦á✳ ❏❡❞♥á s❡ ♦ s❧✐t✐♥✉✱ ❦t❡rá ❞♦❜➦❡ ♦❞♦❧á✈á ✈③♥✐❦✉ tr❤❧✐♥✱
❥❡ ♦✈➨❡♠ ➨♣❛t♥➙ ♦❜r♦❜✐t❡❧♥á ❬✹✵❪✳
❖❜r✳ ✷✳✶✼ ❋á③♦✈ý ❞✐❛❣r❛♠ ❆❧✲❙✐ s❧✐t✐♥② ❬✹✶❪
◆❛ ♦❜rá③❦✉ ✷✳✶✽ ❆✮ ❧③❡ ✈✐❞➙t ❣r❛❢ ③á✈✐s❧♦st✐ ♣♦❞í❧✉ ❤♦➦↔í❦✉ ♥❛ ♠❡❝❤❛♥✐❝❦ý❝❤
✈❧❛st♥♦st❡❝❤ ✈ t❛❤✉✱ t✈r❞♦st✐ ❛ t❛➸♥♦st✐✳ ❙ r♦st♦✉❝í♠ ♣♦❞í❧❡♠ ❤♦➦↔í❦✉ r♦st❡ ♣❡✈♥♦st
❛➸ ❞♦ ♠❛①✐♠❛ ♦❜s❛❤✉ ✵✱✻ ✪✇t✳ ◆❛ ♦❜rá③❦✉ ❇✮ ❥❡ ✉❦á③❦❛ ♠✐❦r♦str✉❦t✉r② ♣♦ t❡♣❡❧✲
♥é♠ ③♣r❛❝♦✈á♥í ❚✻✳ ❯ ❧✐tý❝❤ s❧✐t✐♥ ❥❡ t❡♣❡❧♥é ③♣r❛❝♦✈á♥í ♦❜③✈❧á➨➫ ❞➲❧❡➸✐té✱ ♣r♦t♦➸❡
✈②❧❡♣➨✉❥❡ ♠❡❝❤❛♥✐❝❦é ✈❧❛st♥♦st✐ s❧✐t✐♥② ③♠➙♥♦✉ ♠♦r❢♦❧♦❣✐❡ ❛ ✈❡❧✐❦♦st✐ ❡✉t❡❦t✐❝❦é❤♦
❦➦❡♠í❦✉✳ ➆✐♣❦❛ ✶ ✉❦❛③✉❥❡ ♥❛ ❞❡♥❞r✐t② t✉❤é❤♦ r♦③t♦❦✉ α✭❆❧✮ ❛ ➨✐♣❦❛ ✷ ♥❛ ❡✉t❡❦t✐❦✉♠
✈②❧♦✉↔❡♥é ✈ ♠❡③✐❞❡♥❞r✐t✐❝❦ý❝❤ ♣r♦st♦r❡❝❤✳
str❛♥❛
✷✽
P➄❊❍▲❊❉ ❙❖❯❷❆❙◆➱❍❖ ❙❚❆❱❯ P❖❩◆➪◆❮
❖❜r✳ ✷✳✶✽ ❋á③♦✈ý ❞✐❛❣r❛♠ ❆❧✲❙✐ s❧✐t✐♥② ❬✹✵✱✹✷❪
✷✳✺✳✸ ▼❡❝❤❛♥✐❝❦é ✈❧❛st♥♦st✐ s❧✐t✐♥ ❤❧✐♥í❦✉ ✈ ❙▲▼
❩á❦❧❛❞♥í♠✐ ❝❤❛r❛❦t❡r✐st✐❦❛♠✐ ♣♦♣✐s✉❥í❝í ♠❡❝❤❛♥✐❝❦é ✈❧❛st♥♦st✐ ♠❛t❡r✐á❧✉ ❥s♦✉✿
• ▼❡③ ♣❡✈♥♦st✐ ✈ t❛❤✉





❏❡❞♥í♠ ③ ❤❧❛✈♥í❝❤ ❤♦❞♥♦tí❝í❝❤ ❦r✐tér✐í ❞í❧➲ ✈②r♦❜❡♥ý❝❤ ♠❡t♦❞♦✉ ❙▲▼ ❥❡ ♣♦r♦✈✲
♥á♥í ❥❡❥✐❝❤ ♠❡❝❤❛♥✐❝❦ý❝❤ ✈❧❛st♥♦stí s❡ ✈③♦r❦② ✈②r♦❜❡♥ý❝❤ ❦♦♥✈❡♥↔♥í♠ ♦❞❧é✈á♥í♠✳
▼❡❝❤❛♥✐❝❦é ✈❧❛st♥♦st✐ ③ ♣➦❡✈á➸♥é ↔ást✐ ♦✈❧✐✈➡✉❥❡ ♠✐❦r♦str✉❦t✉r❛ ♠❛t❡r✐á❧✉ ❬✷✻✱✷✼❪✳
❍❧❛✈♥í♠ ❢❛❦t♦r❡♠ ♦✈❧✐✈➡✉❥í❝í♠ ✈ýs❧❡❞♥♦✉ ♠✐❦r♦str✉❦t✉r✉ ❥❡ r②❝❤❧♦st ♦❝❤❧❛③♦✈á♥í
r♦③t❛✈❡♥é ❧á③♥➙✳ ▼❡t♦❞♦✉ ❙▲▼ ❥❡ ❞♦s❛➸❡♥♦ r②❝❤❧♦st✐ ♦❝❤❧❛③♦✈á♥í ✈í❝❡ ❥❛❦ 105K/s
❬✶✾❪✱ ♦♣r♦t✐ 100K/s ❬✸✸❪ ♣➦✐ ❦♦♥✈❡♥↔♥í♠ ♦❞❧é✈á♥í♠✳ ❚♦ ✈❡❞❡ ❦ r♦③❞í❧♥é t✈♦r❜➙ ♠✐❦✲
r♦str✉❦t✉r② ♠❛t❡r✐á❧✉✱ ✈✐③ ♦❜r✳✷✳✶✾✳




P➄❊❍▲❊❉ ❙❖❯❷❆❙◆➱❍❖ ❙❚❆❱❯ P❖❩◆➪◆❮
❚❛❤♦✈é ✈❧❛st♥♦st✐
❑❛♥❣ ❬✸✵❪ t❡st♦✈❛❧ s❧✐t✐♥✉ ❆❧❙✐✶✷ ✈②r♦❜❡♥♦✉ s♠í❝❤á♥í♠ ♣rá➨❦✉ ↔✐sté❤♦ ❤❧✐♥í❦✉ ❛
↔✐sté❤♦ ❦➦❡♠í❦✉✳ ❈❤t➙❧ t❛❦ ♣♦r♦✈♥❛t ♣❡✈♥♦st♥í ❝❤❛r❛❦t❡r✐t✐❦✉ tét♦ ❡✉t❡❦t✐❝❦é s❧✐t✐♥②
♣➦✐ ♣♦✉➸✐tí ♣rá➨❦✉ ✈②r♦❜❡♥é❤♦ ♠✐①❡♠ ↔✐stý❝❤ ♣r✈❦➲ ❛ ♣rá➨❦✉ ✈②r♦❜❡♥é❤♦ ③ ❡✉t❡❦✲
t✐❝❦é s❧✐t✐♥②✳ ❉♦sá❤❧ ♠❡③❡ ♣❡✈♥♦st✐ ✈ t❛❤✉ ♦ ❤♦❞♥♦t➙ ✷✼✸ ▼P❛✳ ❱ ♣♦r♦✈♥á♥í s ♠❡③í
♣❡✈♥♦st✐ ✈ t❛❤✉ ♣➦✐ ♣♦✉➸✐tí ♣rá➨❦✉ ③ ❡✉t❡❦t✐❝❦é s❧✐t✐♥②✱ ❦t❡rá ❜②❧❛ ✸✷✺ ▼P❛✱ ❥❡ t❛t♦
❤♦❞♥♦t❛ ♦ ✶✻ ✪ ♠❡♥➨í✳ P➦✐ ♣♦r♦✈♥á♥í s ❦♦♥✈❡♥↔♥➙ ♦❞❧é✈❛♥ý♠ ♠❛t❡r✐á❧❡♠ ❆❧❙✐✶✷✱
❥❡❤♦➸ ♠❡③ ♣❡✈♥♦st✐ ✈ t❛❤✉ ❥❡ ✶✾✷ ▼♣❛✱ ❥❡ ♦ ✹✷ ✪ ✈➙t➨í✳ ❱ý❤♦❞♦✉ ✈③♦r❦✉ ③ ♠✐①♦✲
✈❛♥é❤♦ ♣rá➨❦✉ ♦♣r♦t✐ ✈③♦r❦✉ ③ ♣rá➨❦✉ ✈②r♦❜❡♥é❤♦ ♣➦í♠♦ ③❡ s❧✐t✐♥② ❥❡ ✈➙t➨í ❤♦❞♥♦t❛
♣♦♠➙r♥é❤♦ ♣r♦❞❧♦✉➸❡♥í✱ ❦t❡rá ❥❡ ✾✱✺ ✪ ♦♣r♦t✐ ✹✱✹ ✪✳
Pr❛s❤❛♥t❤ ❬✷✼❪ t❡st♦✈❛❧ ♠❡❝❤❛♥✐❝❦é ✈❧❛st♥♦st✐ ❡✉t❡❦t✐❝❦é s❧✐t✐♥② ❆❧❙✐✶✷✳ ❉♦s❛➸❡♥á
❤♦❞♥♦t❛ ♠❡③❡ ♣❡✈♥♦st✐ ✈ t❛❤✉ ❜②❧❛ ✸✽✵ ▼♣❛✱ ❝♦➸ ❥❡ té♠➙➦ ❞✈♦❥♥ás♦❜♥➙ ✈í❝❡ ♥❡➸
♣r♦ ❦♦♥✈❡♥↔♥➙ ♦❞❧é✈❛♥ý ♠❛t❡r✐á❧✳ ◆❛ ♦❜r✳✷✳✷✵ ❧③❡ ✈✐❞➙t ♣♦r♦✈♥á♥í ♠❡❝❤❛♥✐❝❦ý❝❤
✈❧❛st♥♦stí ✈③♦r❦✉ ③ ❙▲▼ ✈➲↔✐ ✈③♦r❦✉ ✈②r♦❜❡♥é❤♦ ❦♦♥✈❡♥↔♥í♠ ♦❞❧é✈á♥í♠✳
❖❜r✳ ✷✳✷✵●r❛❢ ③á✈✐s❧♦t✐ ♥❛♣➙tí ✈ t❛❤✉ ♥❛ ♣♦♠➙r♥é♠ ♣r♦❞❧♦✉➸❡♥í ♣r♦ s❧✐t✐♥✉
❆❧❙✐✶✷ ❬✷✼❪
❱ rá♠❝✐ tét♦ ♣rá❝❡ ❬✷✼❪ ❜②❧ ③❦♦✉♠á♥ ✈❧✐✈ ú❤❧✉ ♥❛t♦↔❡♥í t❡st♦✈❛♥é❤♦ ✈③♦r❦✉ ✈➲↔✐
st❛✈➙❝í ❞❡s❝❡ ♥❛ ♠❡❝❤❛♥✐❝❦é ✈❧❛st♥♦st✐ ✈③♦r❦✉✳ ●r❛❢ ✷✳✷✶ ✉❦❛③✉❥❡✱ ➸❡ ✈❧✐✈ ♥❛t♦↔❡♥í
✈③♦r❦✉ ♥❡♠á ✈ý③♥❛↔♥ý ✈❧✐✈ ♥❛ ♠❡❝❤❛♥✐❝❦é ✈❧❛st♥♦st✐ ✈ t❛❤✉✳
❚♦t♦ t✈r③❡♥í ✈②✈r❛❝í ♣rá❝❡ ❦♦❧❡❦t✐✈✉ ❚r❛❞♦✇s❦② ❬✶✾❪✳ ❏❡❥✐❝❤ ♣rá❝❡ s❡ ♦❞ ♣➦❡❞❝❤♦③í
❧✐➨í tí♠✱ ➸❡ ❥❡❥✐❝❤ ✈③♦r❦② ❞♦s❛❤♦✈❛❧② ♠♥♦❤❡♠ ✈➙t➨í ♣♦r♦③✐t② ♦♣r♦t✐ ♣rá❝✐ Pr❛s❤❛♥t❤
❬✷✼❪✳ ❚♦ ❥✐♠ ✉♠♦➸♥✐❧♦ ③❦♦✉♠❛t ✈❧✐✈ ♣♦r♦③✐t② ♣r♦ r➲③♥é ♦r✐❡♥t❛❝❡ t❡st♦✈❛♥é❤♦ ✈③♦r❦✉
✈➲↔✐ st❛✈➙❝í ❞❡s❝❡✳ ❩❥✐st✐❧✐✱ ➸❡ ❤♦r✐③♦♥tá❧♥➙ ✈②r♦❜❡♥é ✈③♦r❦② ♦❜s❛❤✉❥í ♣➦í③♥✐✈➙❥✐ ♦r✐✲
❡♥t♦✈❛♥é ❞✉t✐♥② ♥❡➸ ✈③♦r❦② ✈②r♦❜❡♥é ✈❡rt✐❦á❧♥➙✳ ❚♦ ❥❡ ✈②s✈➙t❧❡♥í✱ ♣r♦↔ ✈③♦r❦② s




P➄❊❍▲❊❉ ❙❖❯❷❆❙◆➱❍❖ ❙❚❆❱❯ P❖❩◆➪◆❮
❖❜r✳ ✷✳✷✶ ●r❛❢ ③á✈✐s❧♦st✐ ❤♦❞♥♦t② ♠❡③❡ ❦❧✉③✉ ♥❛ ú❤❧✉ ♥❛t♦↔❡♥í ✈③♦r❦✉
✈➲↔✐ st❛✈➙❝í ❞❡s❝❡ ❬✷✼❪
❘❡❛❞ ❬✸✺❪ ③❦♦✉♠❛❧ ♣❡✈♥♦st♥í ❝❤❛r❛❦t❡r✐st✐❦② s❧✐t✐♥② ❆❧❙✐✶✵▼❣✳ ❙ ♣♦✉➸✐tí♠ ♦♣✲
t✐♠á❧♥í❝❤ ♣r♦❝❡s♥í❝❤ ♣❛r❛♠❡tr➲✱ ❦t❡rý♠✐ ❞♦sá❤❧ ♠✐♥✐♠á❧♥í ♣♦r♦③✐t② ✵✱✼ ✪✱ ♥❛♠➙➦✐❧
❤♦❞♥♦t✉ ♠❡③❡ ♣❡✈♥♦st✐ ✈ t❛❤✉ ♣r♦ ❤♦r✐③♦♥tá❧♥➙ ♦r✐❡♥t♦✈❛♥ý ✈③♦r❡❦ ✸✸✺ ▼♣❛✳ ❖♣r♦t✐
✈③♦r❦✉ ✈②r♦❜❡♥é♠✉ ❦♦♥✈❡♥↔♥í♠ ♦❞❧é✈á♥í♠ ♠❡t♦❞♦✉ ✧❞✐❡ ❝❛st✐♥❣✧✱ ❜②❧❛ ❥❡❤♦ ❤♦❞✲
♥♦t❛ ♠❡③ ♣❡✈♥♦st✐ ✈ t❛❤✉ sr♦✈♥❛t❡❧♥á✳ ◆❛ ♦❜r✳✷✳✷✷ ❧③❡ ✈✐❞➙t ❣r❛❢ ❥❡❞♥♦t❧✐✈ý❝❤ ✈③♦r❦➲
s ❤♦❞♥♦t❛♠✐ ♠❡③❡ ♣❡✈♥♦st✐ ❛ ♠❡③❡ ❦❧✉③✉ ✈ t❛❤✉ s ♣♦❞é❧♥ý♠ ♣r♦❞❧♦✉➸❡♥í♠✳
❖❜r✳ ✷✳✷✷ ●r❛❢ ③♦❜r❛③✉❥í❝í ❤♦❞♥♦t② ♠❡③❡ ♣❡✈♥♦st✐ ❛ ♠❡③❡ ❦❧✉③✉ ✈ t❛❤✉ s ❤♦❞♥♦t❛♠✐ ♣♦❞é❧♥é❤♦
♣r♦❞❧♦✉➸❡♥í ❬✸✺❪
❑✐♠✉r❛ ❬✸✶❪ ♣✉❜❧✐❦♦✈❛❧ ♣rá❝✐✱ ✈ ❦t❡ré ③❦♦✉♠❛❧ ✈❧✐✈ ♣r♦❝❡♥t✉á❧♥í❤♦ ♠♥♦➸st✈í ❦➦❡✲
♠í❦✉ ✈ ❆❧✲❙✐ s❧✐t✐♥➙ ♥❛ ♠❡❝❤❛♥✐❝❦é ✈❧❛st♥♦st✐ ✈ t❛❤✉✳ ❱ýs❧❡❞❦② ❥❡❤♦ ♣rá❝❡ ✉❦❛③✉❥í✱
str❛♥❛
✸✶
P➄❊❍▲❊❉ ❙❖❯❷❆❙◆➱❍❖ ❙❚❆❱❯ P❖❩◆➪◆❮
➸❡ s r♦st♦✉❝í♠ ♣r♦❝❡♥t✉á❧♥í♠ ♠♥♦➸st✈í♠ ❦➦❡♠í❦✉ ✈ ❆❧✲❙✐ s❧✐t✐♥➙ r♦st❡ ♠❡❝❤❛♥✐❝❦á
♦❞♦❧♥♦st ✈ t❛❤✉✱ ❛❧❡ ♥❛♦♣❛❦ ❦❧❡sá ❥❡❤♦ t❛➸♥♦st✳ ❚②t♦ ✈ýs❧❡❞❦② ♣❧❛tí ♣r♦ ✈➨❡❝❤♥②
③❦♦✉♠❛♥é s❧✐t✐♥② s ✈②❥✐♠❦♦✉ ❆❧❙✐✶✱ ❦❞❡ s❡ ✈ ♠✐❦r♦str✉❦t✉➦❡ ♦❜❥❡✈✐❧② tr❤❧✐♥②✱ ❦t❡ré
s♥í➸✐❧② ❥❡❤♦ ♠❡❝❤❛♥✐❝❦♦✉ ♦❞♦❧♥♦st✳ ❩á✈✐s❧♦st ♠♥♦➸st✈í ❦➦❡♠í❦✉ ♥❛ ♠❡❝❤❛♥✐❝❦é ✈❧❛st✲
♥♦st✐ ❥❡ ③♦❜r❛③❡♥❛ ♥❛ ♦❜r✳✷✳✷✸✳
❖❜r✳ ✷✳✷✸ ●r❛❢ ♣♦r♦✈♥á✈❛❥í❝í ♠❡❝❤❛♥✐❝❦é ✈❧❛st♥♦st✐ ✈③♦r❦➲ ✈ ③á✈✐s❧♦st✐ ♥❛ ♣♦❞í❧✉ ❦➦❡♠í❦✉ ✈ ❆❧✲❙✐
❬✸✶❪
❱ ❞❛❧➨í ♣rá❝✐ ❬✺❪ ❑✐♠✉r❛ ③❦♦✉♠❛❧ s❧✐t✐♥✉ ❆❧❙✐✼▼❣✵✱✸ ❛ ♣✉❜❧✐❦♦✈❛❧ ♠❡❝❤❛♥✐❝❦é
✈❧❛st♥♦st✐ ♦ ❤♦❞♥♦t➙ ♠❡③❡ ♣❡✈♥♦st✐ ✹✵✵ ▼P❛✱ ♠❡③❡ ❦❧✉③✉ ✷✵✵ ▼P❛ ❛ ♣♦♠➙r♥é❤♦
♣r♦❞❧♦✉➸❡♥í ✶✸ ✪✳ ❘❛♦ ❬✶✵❪ ✈❡ s✈é ♣rá❝✐ ③❦♦✉♠❛❧ s❧✐t✐♥✉ ❆❧❙✐✼▼❣✵✱✻ ❛ ❞♦sá❤❧ ♠❡③❡
♣❡✈♥♦st✐ ✹✷✻ ▼P❛✱ ♠❡③❡ ❦❧✉③✉ ✷✽✵ ▼P❛ ❛ ♣♦♠➙r♥é❤♦ ♣r♦❞❧♦✉➸❡♥í ✶✵ ✪✳
❚✈r❞♦st
❚✈r❞♦st ❞í❧➲ ✈②r♦❜❡♥ý❝❤ ♠❡t♦❞♦✉ ❙▲▼ ❥❡ ③á✈✐s❧á ♥❛ ✈í❝❡ ♣❛r❛♠❡tr❡❝❤✳ ❏❛❦ ✉✈á❞í
♣rá❝❡ ❑❛♥❣ ❬✸✻❪✱ t✈r❞♦st s♦✉✈✐sí s ♣♦r♦③✐t♦✉ ❞í❧✉ ❛ ❥❡❤♦ ♠✐❦r♦str✉❦t✉r♦✉✳ ❱❡ s✈é ♣rá❝✐
③❦♦✉♠❛❧ t✈r❞♦st ✈③♦r❦➲ ③❡ s❧✐t✐♥② ❆❧❙✐✶✽✳ ❚✈r❞♦st s❡ ✈③r➲st❛❥í❝í r❡❧❛t✐✈♥í ❤✉st♦t♦✉
✈③♦r❦➲ ✈③r➲st❛❧❛ ❛➸ ❞♦ s✈é❤♦ ♠❛①✐♠❛ ✶✵✺ ❍❱✱ ♣♦ ❦t❡ré♠ ♣r✉❞❝❡ ❦❧❡s❧❛✳ ❩❦♦✉♠á✲
♥í♠ ♠✐❦r♦str✉❦t✉r② ✈③♦r❦➲ ❞♦➨❡❧ ❦ ③á✈➙r✉✱ ➸❡ ♣r✉❞❦ý ♣♦❦❧❡s t✈r❞♦st✐ ✉ ♣♦s❧❡❞♥í❤♦
✈③♦r❦✉ ❜②❧ ③♣➲s♦❜❡♥ tr❛♥s❢♦r♠❛❝í ♥❛♥♦↔ást✐❝ ❦➦❡♠í❦✉ ❞♦ ✈➙t➨í❝❤ ③r♥✳ ❚❛t♦ ú✈❛❤❛
❦♦r❡s♣♦♥❞✉❥❡ s ❦❧❛s✐❝❦ý♠ ❡❢❡❦t❡♠ ❤♦♠♦❣❡♥♥í ❞✐str✐❜✉❝❡ ❥❡♠♥ý❝❤ ↔ást✐❝ ③✈②➨✉❥í❝í❝❤
t✈r❞♦st s❧✐t✐♥②✳
Ú♥❛✈♦✈é ✈❧❛st♥♦st✐
❙✉r②❛✇❛♥s❤✐ ❬✸✹❪ ③❦♦✉♠❛❧ ú♥❛✈♦✈é ✈❧❛st♥♦st✐ s❧✐t✐♥② ❆❧❙✐✶✷✳ ❖❜❡❝♥ý♠ ♣➦❡❞♣♦✲
❦❧❛❞❡♠ ❥❡✱ ➸❡ ♠❡③ ú♥❛✈② ❜✉❞❡ ❞♦s❛❤♦✈❛t ♦❞ ✹✵ ✪ ❞♦ ✺✵ ✪ ❤♦❞♥♦t② ♠❡③❡ ❦❧✉③✉✳
◆❡❥❧❡♣➨í❤♦ ♣r♦❝❡♥t✉á❧♥í❤♦ ✈ýs❧❡❞❦✉ ✺✵ ✪ ❞♦sá❤❧ ✈③♦r❡❦ ✈②r♦❜❡♥ý ❦♦♥✈❡♥↔♥í♠ ♦❞❧é✲
✈á♥í♠✳ ❱③♦r❦② ✈②r♦❜❡♥é t❡❝❤♥♦❧♦❣✐í ❙▲▼ ❞♦sá❤❧② ♠❡③❡ ú♥❛✈② ♣♦✉③❡ ✷✷ ✪ ③ ❥❡❥✐❝❤
❤♦❞♥♦t② ♠❡③❡ ❦❧✉③✉✳ P♦ t❡♣❡❧♥é♠ ③♣r❛❝♦✈á♥í ✈③♦r❦➲ ➸í❤á♥í♠ ♥❛r♦st❧❛ ❥❡❥✐❝❤ ♣r♦✲
❝❡♥t✉á❧♥í ❤♦❞♥♦t❛ ♠❡③❡ ❦❧✉③✉ ♥❛ ✹✶ ✪✱ ✈✐③ ♦❜r✳✷✳✷✹ ✈❧❡✈♦✳ P➦✐ ❞❡t❛✐❧♥í♠ ③❦♦✉♠á♥í
❧♦♠♦✈é ♣❧♦❝❤② t❡♣❡❧♥➙ ③♣r❛❝♦✈❛♥é❤♦ ✈③♦r❦✉ ❜②❧♦ ③➦❡❥♠é✱ ➸❡ ✐♥✐❝✐❛❝❡ ✉♥❛✈♦✈é❤♦ ❧♦♠✉
♣r♦ ✈③♦r❦② ✈②r♦❜❡♥é ♠❡t♦❞♦✉ ❙▲▼ ❜②❧❛ ✉ ♣♦✈r❝❤✉ s♦✉↔ást✐ ✈ ♠íst➙ ♥❡❞♦st❛t❡↔♥➙
r♦③t❛✈❡♥é❤♦ ♣rá➨❦✉✱ ✈✐③ ♦❜r✳✷✳✷✹ ✈♣r❛✈♦✳ ◆ás❧❡❞♥é ➨í➦❡♥í ❧♦♠✉ ✈❡❞❧♦ ❤❧❛✈♥➙ ♣♦❞é❧
str❛♥❛
✸✷
P➄❊❍▲❊❉ ❙❖❯❷❆❙◆➱❍❖ ❙❚❆❱❯ P❖❩◆➪◆❮
tr❛s ❧❛s❡r✉✳ ❯ ❦♦♥✈❡♥↔♥➙ ✈②r♦❜❡♥ý❝❤ ✈③♦r❦➲ t♦ ❜②❧♦ ♠íst♦ ♠✐❦r♦♣ór✉ ✈③♥✐❦❧é sr❛➸❡✲
♥í♠ r♦③t❛✈❡♥é ❧á③♥➙ ❜➙❤❡♠ ♣r♦❝❡s✉ t✉❤♥✉tí✳
❖❜r✳ ✷✳✷✹ ●r❛❢ ③á✈✐s❧♦st✐ ♦❤②❜♦✈é❤♦ ♥❛♣➙tí ♥❛ ♣♦↔t✉ ❝②❦❧➲ ❞♦ ❧♦♠✉ ✭✈❧❡✈♦✮✱ ❞❡t❛✐❧♥í ♣♦❤❧❡❞ ♥❛
❧♦♠♦✈♦✉ ♣❧♦❝❤✉ ❛ ♠íst♦ ✐♥✐❝✐❛❝❡ tr❤❧✐♥② ✭✈♣r❛✈♦✮ ❬✸✹❪
❉❛❧➨í ♣rá❝✐ ③❦♦✉♠❛❥í❝í ú♥❛✈♦✈é ✈❧❛st♥♦st✐ s❧✐t✐♥② ❆❧❙✐✶✵▼❣ ♣✉❜❧✐❦♦✈❛❧ ❇r❛♥❞❧
❬✶✶❪✳ ▼❡③ ú♥❛✈② ✈②❤♦❞♥♦❝♦✈❛❧ ✉ ✈③♦r❦➲ s r➲③♥♦✉ ♦r✐❡♥t❛❝í ✈➲↔✐ st❛✈➙❝í ♣♦❞❧♦➸❝❡ ✭✵➦✱
✹✺➦✱ ✾✵➦✮✱ s r➲③♥♦✉ t❡♣❧♦t♦✉ st❛✈➙❝í ♣❧❛t❢♦r♠② ✭✸✵➦✱ ✸✵✵➦✮ ❛ s r♦③❞í❧♥ý♠ t❡♣❡❧♥ý♠
③♣r❛❝♦✈á♥í♠ ✭❜❡③✱ ❚✻✮✳ ❯ ✈③♦r❦➲ ✈②r♦❜❡♥ý❝❤ s t❡♣❧♦t♦✉ ♣❧❛t❢♦r♠② ✸✵➦ ❛ ♣♦✉➸✐tý♠
t❡♣❡❧♥ý♠ ③♣r❛❝♦✈á♥í♠ ❚✻ s❡ ✉❦á③❛❧ ✈❡❧❦ý r♦③♣t②❧ ❤♦❞♥♦t ✈ ③á✈✐s❧♦st✐ ♥❛ ♦r✐❡♥t❛❝✐
✈③♦r❦➲ ✈➲↔✐ st❛✈➙❝í ♣❧❛t❢♦r♠➙✳ ❍♦❞♥♦t❛ ♠❡③❡ ú♥❛✈② ♣r♦ ✈③♦r❡❦ st❛✈➙♥ý r♦✈♥♦❜➙➸♥➙
s ♣❧❛t❢♦r♠♦✉ ❞♦s❛❤✉❥❡ té♠➙➦ ♦ ✺✵ ✪ ❧❡♣➨í ❤♦❞♥♦t② ♠❡③❡ ú♥❛✈② ♥❡➸ ✈③♦r❦② st❛✈➙♥é
♣♦❞ ú❤❧❡♠ ✹✺➦ ❛ ✾✵➦✳ ❚❡♥t♦ r♦③♣t②❧ ✈②♠✐③í ♣➦✐ ③♠➙♥➙ t❡♣❧♦t② st❛✈➙❝í ♣❧❛t❢♦r♠② ♥❛
✸✵✵➦✱ ❛✈➨❛❦ ③❛ ❝❡♥✉ ♣♦❦❧❡s✉ ♠❛①✐♠á❧♥í ❞♦s❛➸❡♥é ❤♦❞♥♦t② ♠❡③❡ ú♥❛✈②✳ ❱ýs❧❡❞♥é
❦➦✐✈❦② s ❤♦❞♥♦t❛♠✐ ♠❡③❡ ú♥❛✈② ❥s♦✉ ③♦❜r❛③❡♥② ✈ ❣r❛❢✉ ✷✳✷✺✳
▼❡③ ú♥❛✈② ♣r♦ t❡♣❡❧♥➙ ♥❡③♣r❛❝♦✈❛♥é ✈③♦r❦② ❞♦s❛❤♦✈❛❧❛ ♥❡❥✈➙t➨í❝❤ ❤♦❞♥♦t ♦❦♦❧♦
✶✵✵ ▼♣❛✳ ❩ ❜❧✐➸➨í❤♦ ③❦♦✉♠á♥í ❧♦♠♦✈é ♣❧♦❝❤② ✈②♣❧ý✈á✱ ➸❡ ✐♥✐❝✐❛↔♥í ♠íst♦ ❧♦♠✉ s❡
✈➸❞② ♥❛❝❤á③í ♥❛ ♣♦✈r❝❤✉ s♦✉↔ást✐ ♥❡❜♦ ✈ ❥❡❤♦ ❜❧í③❦♦st✐✳ ■♥✐❝✐át♦r❡♠ ❥s♦✉ ♣ór②✱ ❦t❡ré
✈③♥✐❦❧② ♥❡❞♦st❛t❡↔♥ý♠ r♦③t❛✈❡♥í♠ ♣rá➨❦✉✳ ❯ t❡♣❡❧♥➙ ③♣r❛❝♦✈❛♥ý❝❤ ✈③♦r❦➲ ❥❡ ♠❡✲
❝❤❛♥✐s♠✉s ❧♦♠✉ ❤♦✉➸❡✈♥❛tý ♦♣r♦t✐ ✈③♦r❦➲♠ ❜❡③ t❡♣❡❧♥é ú♣r❛✈②✳ ❩ t♦❤♦ ❧③❡ ✈②✈♦❞✐t✱
➸❡ t❡♣❡❧♥é ③♣r❛❝♦✈á♥í ♠á ♣➦í③♥✐✈ý ✈❧✐✈ ♥❛ ú♥❛✈♦✈é ✈❧❛st♥♦st✐ ♠❛t❡r✐á❧✉ ✈②r♦❜❡♥é❤♦
♠❡t♦❞♦✉ ❙▲▼✳
▲♦♠♦✈á ❤♦✉➸❡✈♥❛t♦st
❱ ♣rá❝✐ ❬✸✹❪ ❙✉r②❛✇❛♥s❤✐ ③❦♦✉♠❛❧ ❧♦♠♦✈♦✉ ❤♦✉➸❡✈♥❛t♦st s❧✐t✐♥② ❆❧❙✐✶✷✳ ❯ ✈③♦r❦➲
✈②r♦❜❡♥ý❝❤ ❦♦♥✈❡♥↔♥í♠ ♦❞❧é✈á♥í♠ ❜②❧♦ ❞♦s❛➸❡♥♦ ❤♦❞♥♦t② ❧♦♠♦✈é ❤♦✉➸❡✈♥❛t♦st✐
str❛♥❛
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P➄❊❍▲❊❉ ❙❖❯❷❆❙◆➱❍❖ ❙❚❆❱❯ P❖❩◆➪◆❮
❖❜r✳ ✷✳✷✺ ●r❛❢ ③♦❜r❛③✉❥í❝í ♣r➲❜➙❤ ❤♦❞♥♦t ♥❛♣➙tí ③á✈✐s❧ý❝❤ ♥❛ ♣♦↔t✉ ❝②❦❧➲ ❞♦ ❧♦♠✉ ❬✶✶❪
✶✶MPa ➲
√
m✳ ❱③♦r❦② ✈②r♦❜❡♥é ♠❡t♦❞♦✉ ❙▲▼ ♣♦❞ ú❤❧❡♠ ✵➦ ❞♦sá❤❧② ❛➸ ↔t②➦♥ás♦❜♥➙
✈➙t➨í❝❤ ❤♦❞♥♦t ❧♦♠♦✈é ❤♦✉➸❡✈♥❛t♦st✐ ♥❡➸ ✉ ❦♦♥✈❡♥↔♥➙ ♦❞❧é✈❛♥ý❝❤ ✈③♦r❦➲✳ ❚❡♣❡❧♥➙
③♣r❛❝♦✈❛♥ý ✈③♦r❡❦ ③ ❙▲▼ ③❛③♥❛♠❡♥❛❧ ♣➦❡❦✈❛♣✐✈➙ ♥✐➸➨í ❤♦❞♥♦t✉ ❤♦✉➸❡✈♥❛t♦st✐✳ ■
♣➦❡s t♦✱ ❜②❧❛ ❥❡❤♦ ❤♦❞♥♦t❛ ❧♦♠♦✈é ❤♦✉➸❡✈♥❛t♦st✐ té♠➙➦ ✷① ✈➙t➨í ♥❡➸ ✉ ❦♦♥✈❡♥↔♥➙
♦❞❧é✈❛♥é❤♦ ♠❛t❡r✐á❧✉✳ ❚❡♥t♦ ♣➦❡❦✈❛♣✐✈ý ✈ýs❧❡❞❡❦ ♣♦t✈r③✉❥❡✱ ➸❡ t❡♣❡❧♥é ③♣r❛❝♦✈á♥í
❙▲▼ ✈③♦r❦➲ s♥✐➸✉❥❡ ❥❡❤♦ ❧♦♠♦✈♦✉ ❤♦✉➸❡✈♥❛t♦st✳ ❙✉r②❛✇❛♥s❤✐ ❬✸✹❪ ♥❛✈í❝ ✉❞á✈á✱ ➸❡
♦❞♦❧♥♦st ♣r♦t✐ ✈③♥✐❦✉ tr❤❧✐♥② ❥❡ ✈➙t➨í ✉ ❦♦♥✈❡♥↔♥➙ ♦❞❧é✈❛♥ý❝❤ ✈③♦r❦➲✳ ❆✈➨❛❦ r➲st
tr❤❧✐♥② ❥❡ ♣♦ ❥❡❥í♠ ✐♥✐❝✐♦✈á♥í r②❝❤❧❡❥➨í ♥❡➸ ♣r♦ ✈③♦r❦② ✈②r♦❜❡♥ý❝❤ ♠❡t♦❞♦✉ ❙▲▼✳
❙tr✉❦t✉r❛ ♣♦✈r❝❤✉ ❤❧✐♥í❦♦✈ý❝❤ s❧✐t✐♥
❈❛❧✐❣♥❛♥♦ ❬✸✼❪ ③❦♦✉♠❛❧ ✈❧✐✈ ♣r♦❝❡s♥í❝❤ ♣❛r❛♠❡tr➲ ♥❛ ❞rs♥♦st ♣♦✈r❝❤✉ s❧✐t✐♥②
❆❧❙✐✶✵▼❣ s ♣♦♠♦❝í st❛t✐st✐❝❦é ♠❡t♦❞②✳ ❯✈á❞í✱ ➸❡ s❦❡♥♦✈❛❝í r②❝❤❧♦st ♠á ♥❡❥✈➙t➨í ✈❧✐✈
♥❛ ❞rs♥♦st ♣♦✈r❝❤✉✳ ●r❛❢② ♥❛ ♦❜rá③❦✉ ✷✳✷✻ ③♦❜r❛③✉❥í r➲③♥é ③á✈✐s❧♦st✐ ♣r♦❝❡s♥í❝❤
♣❛r❛♠❡tr➲ ♥❛ ❞♦s❛➸❡♥é ❞rs♥♦st✐ ♣♦✈r❝❤✉✳ ◆❡❥❧❡♣➨í ❤♦❞♥♦t② ♣r♦ ❞rs♥♦st ♣♦✈r❝❤✉ ❜②❧♦
❞♦s❛➸❡♥♦ ♣➦✐ ✈ý❦♦♥✉ ❧❛s❡r✉ ✶✷✵ ❲✱ r②❝❤❧♦st✐ s❦❡♥♦✈á♥í ✾✵✵ ♠♠✴s ❛ ✈③❞á❧❡♥♦st✐
➨r❛❢ ✵✱✶ ♠♠✳ ❱ ♣rá❝✐ ❜②❧ té➸ ③❦♦✉♠á♥ ✈❧✐✈ ♣♦st♣r♦❝❡s♥í❤♦ ❦✉❧✐↔❦♦✈á♥í ♥❛ ③❧❡♣➨❡♥í
♣♦✈r❝❤✉✳ ❑✉❧✐↔❦♦✈á♥í s❦❧❡♥➙♥ý♠✐ ❦✉❧✐↔❦❛♠✐ ♣➦✐ t❧❛❦✉ ✽ ❜❛r ③❧❡♣➨✐❧♦ ❞rs♥♦st ♣♦✈r❝❤✉
❛➸ ♦ ✽✸ ✪✳
Prá❝✐ ③❛♠➙➦❡♥♦✉ ♥❛ ❤♦❞♥♦t✉ ❞rs♥♦st✐ ♣♦✈r❝❤✉ ✈ ③á✈✐s❧♦st✐ ♥❛ ♣r♦❝❡s♥í❝❤ ♣❛r❛♠❡✲
tr❡❝❤ ♣✉❜❧✐❦♦✈❛❧ ❉❛❞❜❛❦❤s❤ ❬✸✽❪✳ ❩❦♦✉♠❛♥ý♠ ♠❛t❡r✐á❧❡♠ ❜②❧ ↔✐stý ❤❧✐♥í❦ s ♣➦í♠➙sí
❋❡✷❖✸ ✈ ❤♠♦t♥♦st♥í♠ ♣♦♠➙r✉ ✺✱ ✶✵ ❛ ✶✺ ✪✳ ◆❡❥❧❡♣➨í ❤♦❞♥♦t② ❞rs♥♦stí✱ ♣r♦ ✈➨❡❝❤♥②
♠❛t❡r✐á❧②✱ ❜②❧② ♦❦♦❧♦ ✷✸ µ♠✳ ❖❜❡❝♥➙ ❧③❡ ➦í❝✐✱ ➸❡ s r♦st♦✉❝í♠ ✈ý❦♦♥❡♠ ❧❛s❡r✉ ♣➦✐
❦♦♥st❛t♥í s❦❡♥♦✈❛❝í r②❝❤❧♦st✐ ❞rs♥♦st ♣♦✈r❝❤✉ r♦st❡✳ ❚♦ ♣♦t✈r③✉❥❡ ❣r❛❢ ✷✳✷✼✱ ❦t❡rý
③♦❜r❛③✉❥❡ ③á✈✐s❧♦st ❞rs♥♦st✐ ♣♦✈r❝❤✉ ♥❛ ❤✉st♦t➙ ✈st✉♣♥í ❡♥❡r❣✐❡✳ ❱ýs❧❡❞♥ý ♣♦✈r❝❤
str❛♥❛
✸✹
P➄❊❍▲❊❉ ❙❖❯❷❆❙◆➱❍❖ ❙❚❆❱❯ P❖❩◆➪◆❮
❖❜r✳ ✷✳✷✻ ❩á✈✐s❧♦st ❞rs♥♦st✐ ♣♦✈r❝❤✉ ♥❛ ♣♦✉➸✐tý❝❤ ♣r♦❝❡s♥í❝❤ ♣❛r❛♠❡tr❡❝❤ ♣r♦ ♠❛t❡r✐á❧ ❆❧❙✐✶✵▼❣
❬✸✼❪
♥❡❣❛t✐✈♥➙ ♦✈❧✐✈➡✉❥❡ ❜❛❧❧✐♥❣ ❡❢❡❦t✱ ♣r♦❥❡✈✉❥í❝í s❡ r♦③st➦✐❦❡♠ r♦③t❛✈❡♥é❤♦ ❦♦✈✉✱ ❦t❡rý
❥❡ ③♣➲s♦❜❡♥ý ♥❛❞♠➙r♥♦✉ ❡♥❡r❣✐í ✈st✉♣✉❥í❝í ❞♦ ♣r♦❝❡s✉✳
❖❜r✳ ✷✳✷✼ ●r❛❢② ③á✈✐s❧♦t✐ ❤♦❞♥♦t② ❞rs♥♦st✐ ♣♦✈r❝❤✉ ♥❛ ✈st✉♣♥í ❤✉st♦t➙ ❡♥❡r❣✐❡ ♣r♦ ♠❛t❡r✐á❧ ↔✐sté❤♦
❤❧✐♥í❦✉ s ♣➦í♠➙sí ❋❡✷❖✸ ❬✸✽❪
❱❧✐✈ s❦❡♥♦✈❛❝í str❛t❡❣✐❡ ♥❛ ❤❧✐♥í❦♦✈é s❧✐t✐♥②
❱❧✐✈ s❦❡♥♦✈❛❝í str❛t❡❣✐❡ ♥❛ ✈ýs❧❡❞♥♦✉ r❡❧❛t✐✈♥í ❤✉st♦t✉ ❞í❧✉ ③❦♦✉♠❛❧ ❆❜♦✉❧❦❤❛✐r
❬✸✷❪✳ ◆❡❥✈②➨➨í r❡❧❛t✐✈♥í ❤✉st♦t② ✾✾✱✼✼ ✪ ❜②❧♦ ❞♦s❛➸❡♥♦ s❦❡♥♦✈❛❝í str❛t❡❣✐í Pr❡✲s✐♥t❡r✳
❚♦ ❥❡ ❥❡❞♥♦s♠➙r♥á str❛t❡❣✐❡ ♣♦✉➸✐tá ❞✈❛❦rát ♥❛ ❥❡❞♥é ✈rst✈➙✱ ♣➦✐↔❡♠➸ ♣♦♣r✈é ❥❡
✈ý❦♦♥ ❧❛s❡r✉ ♥❛st❛✈❡♥ ♥❛ ♣♦❧♦✈✐↔♥í ✈ý❦♦♥✳ ◆❛ ♦❜rá③❦✉ ✷✳✷✽ ❥❡ ③♦❜r❛③❡♥ ❣r❛❢ ③á✈✐s❧♦t✐
r❡❧❛t✐✈♥í ❤✉st♦t② ❡♥❡r❣✐❡ ♥❛ ♣♦✉➸✐té str❛t❡❣✐✐ s❦❡♥♦✈á♥í✳ Pr♦ ❦❛➸❞♦✉ str❛t❡❣✐✐ ❜②❧②
♣♦✉➸✐t② t➦✐ r➲③♥é s❦❡♥♦✈❛❝í r②❝❤❧♦st✐ ✺✵✵✱ ✼✺✵ ❛ ✶✵✵✵ ♠♠✴s✱ ✈ý❦♦♥ ❧❛s❡r✉ ✶✵✵ ❲✱
t❧♦✉➨➫❦❛ ✈rst✈② ✹✵ ❛ ✈③❞á❧❡♥♦st ➨r❛❢ ✺✵ µ♠✳
str❛♥❛
✸✺
P➄❊❍▲❊❉ ❙❖❯❷❆❙◆➱❍❖ ❙❚❆❱❯ P❖❩◆➪◆❮
❖❜r✳ ✷✳✷✽ ●r❛❢ ③á✈✐s❧♦st✐ ♣♦✉➸✐té str❛t❡❣✐❡ s❦❡♥♦✈á♥í ♥❛ ✈ýs❧❡❞♥é r❡❧❛t✐✈♥í ❤✉s✲
t♦t➙ ❞í❧✉ ❬✸✷❪
❚❤✐❥s ❬✷✶❪ ♣♦✉➸✐❧ ❦ ✈ýr♦❜➙ s❧✐t✐♥② ❆❧❙✐✶✵▼❣ r➲③♥é s❦❡♥♦✈❛❝í str❛t❡❣✐❡✳ ◆❡❥✈②➨➨í
❤✉st♦t② ✾✾✱✹ ✪ ❜②❧♦ ❞♦s❛➸❡♥♦ s ♦❜♦✉s♠➙r♥♦✉ s❦❡♥♦✈❛❝í str❛t❡❣✐í✱ ❦❞② ❦❛➸❞á ✈rst✈❛
❜②❧❛ s❦❡♥♦✈á♥❛ ❞✈❛❦rát s ♣♦♦t♦↔❡♥í♠ ♦ ✾✵➦✳
❚❡♣❡❧♥é ③♣r❛❝♦✈á♥í ❤❧✐♥í❦♦✈ý❝❤ s❧✐t✐♥
❚❡♣❡❧♥ý♠ ③♣r❛❝♦✈á♥í♠ ❞í❧➲ ✈②r♦❜❡♥ý❝❤ t❡❝❤♥♦❧♦❣✐í ❙▲▼ s❡ s♥❛➸í♠❡ s♥í➸✐t ✈♥✐t➦♥í
♣♥✉tí ✈ s♦✉↔ást✐✱ ✈②❧❡♣➨✐t ❥❡❥✐❝❤ ♠❡❝❤❛♥✐❝❦é ✈❧❛st♥♦st✐ ♥❡❜♦ ❥❡ ✉♣r❛✈✐t ✈ ③á✈✐s❧♦st✐ ♥❛
♦❜❧❛st✐ ♣♦✉➸✐tí✳ ◆❡❥❜➙➸♥➙❥➨í♠ ③♣➲s♦❜❡♠ t❡♣❡❧♥é❤♦ ③♣r❛❝♦✈á♥í ✉ ❦♦♥✈❡♥↔♥➙ ♦❞❧é✈❛✲
♥ý❝❤ ❤❧✐♥í❦♦✈ý❝❤ s❧✐t✐♥ ❥❡ ✈②t✈r③♦✈á♥í ③❛ ú↔❡❧❡♠ ③✈ý➨❡♥í ♠❡③❡ ♣❡✈♥♦st✐✱ ♠❡③❡ ❦❧✉③✉
❛ t✈r❞♦st✐ ❬✸✾❪✳
Pr❛s❤❛♥t❤ ❬✷✼❪ ✈❡ s✈é ♣rá❝✐ ③❦♦✉♠❛❧ t❡♣❡❧♥é ③♣r❛❝♦✈á♥í s❧✐t✐♥② ❆❧❙✐✶✷✳ ❱②r♦❜❡♥é
✈③♦r❦② ➸í❤❛❧ ♣➦✐ r➲③♥ý❝❤ t❡♣❧♦tá❝❤ ♦❞ ✷✵✵ ❞♦ ✺✵✵ ➦❈ ✈ ❛r❣♦♥♦✈é ❛t♠♦s❢é➦❡ ♣♦ ❞♦❜✉
✻❤✳ ❩❥✐st✐❧✱ ➸❡ ✈❡❧✐❦♦st ❆❧ ❛ ❙✐ ③r♥ s❡ ③✈➙t➨✐❧❛ té♠➙➦ ❞✈♦❥♥ás♦❜♥➙ ♣r♦ ❆❧ ❛ ✶✽① ♣r♦ ❙✐
♣➦✐ t❡♣❧♦t➙ ✺✵✵ ➦❈✳ ❍♠♦t♥♦st♥í ♣♦❞í❧ ✈♦❧♥é❤♦ ❦➦❡♠í❦✉ ✈③r♦st❧ ③ ✶ ✪ ♥❛ ✽ ✪ ♣➦✐ st❡❥♥é
t❡♣❧♦t➙✳ ❚♦ ♥❛③♥❛↔✉❥❡✱ ➸❡ s ✈③r➲st❛❥í❝í ➸í❤❛❝í t❡♣❧♦t♦✉ ❞♦❝❤á③í ❦ ✈➙t➨í♠✉ ✈②❧✉↔♦✈á♥í
❦➦❡♠í❦✉ ③ ❆❧ ♠➦í➸❦②✳ ◆❛ ♦❜rá③❦✉ ✷✳✷✾ ❧③❡ ✈✐❞➙t ❣r❛❢ ③á✈✐s❧♦t✐ ♥❛♣➙tí ❛ ♣♦♠➙r♥é❤♦
♣r♦❞❧♦✉➸❡♥í ✈③♦r❦✉ ♣r♦ r➲③♥é t❡♣❧♦t② ➸í❤á♥í✳
❖❜rá③❡❦ ✷✳✸✵ ③♦❜r❛③✉❥❡ ③♣➲s♦❜ ✈②❧✉↔♦✈á♥í ❛ r➲st✉ ❙✐ ③r♥✳ ❱❡❧✐❦♦st r➲st✉ ❦➦❡♠í❦✉
❥❡ ❡①♣♦♥❡♥❝✐á❧♥➙ ③á✈✐s❧á ♥❛ ✈❡❧✐❦♦st✐ ➸í❤❛❝í t❡♣❧♦t②✳ P➦✐ ③❦♦✉♠á♥í ❧♦♠♦✈ý❝❤ ♣❧♦❝❤ ❥❡
✈✐❞➙t✱ ➸❡ ❧♦♠♦✈ý ♠❡❝❤❛♥✐s♠✉s s❡ ♠➙♥í ♣➦✐ ✈③r➲st❛❥í❝í t❡♣❧♦t➙ ➸í❤á♥í ③ ❦➦❡❤❦é❤♦ ♥❛
❤♦✉➸❡✈♥❛tý✳
❑✐♠✉r❛ ❬✺❪ ③❦♦✉♠❛❧ ✈❧✐✈ t❡♣❡❧♥é❤♦ ③♣r❛❝♦✈á♥í s❧✐t✐♥② ❆❧❙✐✼▼❣✵✳✸✳ ❱③♦r❦② ♣♦❞r♦✲
❜✐❧ t❡♣❡❧♥é♠✉ ③♣r❛❝♦✈á♥í ❚✺ ✭✉♠➙❧é stár♥✉tí ♣➦✐ t❡♣❧♦t➙ ✶✺✵ ✲ ✸✺✵ ➦❈ ♣♦ ❞♦❜✉ ✺ ❤♦✲
❞✐♥✮ ❛ ❚✻ ✭r♦③♣♦✉➨t❡❝í ➸í❤á♥í ♣➦✐ t❡♣❧♦t➙ ✺✸✺ ➦❈ ♣♦ ❞♦❜✉ ✽ ❤♦❞✐♥✱ ♥ás❧❡❞♥é ♦❝❤❧❛③❡♥í
✈❡ ✈♦❞➙ ❛ ✉♠➙❧é stár♥✉tí ♣➦✐ t❡♣❧♦t➙ ✶✺✺ ➦❈ ♣♦ ❞♦❜✉ ✻ ❤♦❞✐♥✮✳ P➦✐ ♣♦✉➸✐tí t❡♣❡❧♥é❤♦
③♣r❛❝♦✈á♥í ❚✺ ❞♦❝❤á③í s ✈③r➲st❛❥í❝í t❡♣❧♦t♦✉ ❦ ♥ár✉st✉ ✈❡❧✐❦♦st✐ ❙✐ ↔ást✐❝✳ ●r❛❢②
✷✳✸✶ ✉❦❛③✉❥í✱ ➸❡ ♠❡③ ♣❡✈♥♦st✐ ❛ ♠❡③ ❦❧✉③✉ ✈③♦r❦➲ ✈ t❛❤✉ s r♦st♦✉❝í ➸í❤❛❝í t❡♣❧♦t♦✉
❦❧❡sá ❛ ❥❡❥✐❝❤ ❤♦❞♥♦t❛ ♣♦♠➙r♥é❤♦ ♣r♦❞❧♦✉➸❡♥í ♥❛r➲stá✳ ❚í♠t♦ t❡♣❡❧♥ý♠ ③♣r❛❝♦✈á✲
♥í♠ ❥❡ ♠♦➸♥é ✉♣r❛✈✐t ♠❡❝❤❛♥✐❝❦é ✈❧❛st♥♦st✐ ✈③♦r❦✉ ♣♦❞❧❡ ♣♦t➦❡❜② ❥❡❥✐❝❤ ❢✉♥❦↔♥♦st✐✳
str❛♥❛
✸✻
P➄❊❍▲❊❉ ❙❖❯❷❆❙◆➱❍❖ ❙❚❆❱❯ P❖❩◆➪◆❮
❖❜r✳ ✷✳✷✾ ●r❛❢ ③á✈✐s❧♦t✐ ♠❡③❡ ♣❡✈♥♦st✐ ✈ t❛❤✉ ♥❛ ♣♦♠➙r✲
♥é♠ ♣r♦❞❧♦✉➸❡♥í ❬✷✼❪
❖❜r✳ ✷✳✸✵ ❩♦❜r❛③❡♥í ③♣➲s♦❜✉ ✈②❧✉↔♦✈á♥í ❙✐ ♣➦✐ ✈③r➲st❛❥í❝í t❡♣❧♦t➙ ➸í✲
❤á♥í ❬✷✼❪
P♦✉➸✐tí♠ t❡♣❡❧♥é❤♦ ③♣r❛❝♦✈á♥í ❚✻ ❜②❧♦ ❞♦s❛➸❡♥♦ ❞❡❣r❛❞❛❝❡ ♣❡✈♥♦st✐ ❛ ♣♦♠➙r♥é❤♦
♣r♦❞❧♦✉➸❡♥í ✈③♦r❦➲ ③ ❞➲✈♦❞✉ ❤r✉❜ý❝❤ ❙✐ ♣r❡❝✐♣✐tát➲✳
❖❜r✳ ✷✳✸✶ ●r❛❢② ③á✈✐s❧♦t✐ ♠❡❝❤❛♥✐❝❦ý❝❤ ✈❧❛st♥♦stí ✈ t❛❤✉ ♥❛ t❡♣❧♦t➙ ➸í❤á♥í ♣r♦ t❡♣❡❧♥é
③♣r❛❝♦✈á♥í ❚✺ ❬✺❪
❱ ♣rá❝✐ ❦♦❧❡❦t✐✈✉ ❚r❛❞♦✇s❦② ❬✶✾❪ ❜②❧ ③❦♦✉♠á♥ ✈❧✐✈ t❡♣❡❧♥é❤♦ ③♣r❛❝♦✈á♥í ♥❛
♠❡❝❤❛♥✐❝❦é ✈❧❛st♥♦st✐ ✈③♦r❦➲ ③❡ s❧✐t✐♥② ❆❧❙✐✶✵▼❣✳ ❇②❧♦ ♣♦✉➸✐t♦ t❡♣❡❧♥é ③♣r❛❝♦✈á♥í
str❛♥❛
✸✼
P➄❊❍▲❊❉ ❙❖❯❷❆❙◆➱❍❖ ❙❚❆❱❯ P❖❩◆➪◆❮
❍■P ✲ ❍♦t ■s♦st❛t✐❝ Pr❡ss✐♥❣ ✭t❡♣❧♦t❛ ✺✸✵ ➦❈ ♣♦ ❞♦❜✉ ✺ ❤♦❞✐♥ ♣➦✐ t❧❛❦✉ ✶✵✵ ▼P❛✮
❛ ❚✻ ✭r♦③♣♦✉➨t➙❝í ➸í❤á♥í ♣➦✐ t❡♣❧♦t➙ ✺✷✵ ➦❈ ♣♦ ❞♦❜✉ ✺ ❤♦❞✐♥ s ❝❤❧❛③❡♥í♠ ✈❡ ✈♦❞➙
❛ ♥ás❧❡❞♥é ✉♠➙❧é stár♥✉tí ♣➦✐ t❡♣❧♦t➙ ✶✻✵ ➦❈ ♣♦ ❞♦❜✉ ✶✷ ❤♦❞✐♥✮✳
❖❜r✳ ✷✳✸✷ ●r❛❢② ③á✈✐s❧♦t✐ ♠❡❝❤❛♥✐❝❦ý❝❤
✈❧❛st♥♦stí ✈ t❛❤✉ ♥❛ t❡♣❧♦t➙ ➸í❤á♥í ❬✶✾❪✱ ❆❋
✲ ✈③♦r❡❦ ❜❡③ t❡♣❡❧♥é❤♦ ③♣r❛❝♦✈á♥í✱ ❍ ✲ ❤♦r✐✲
③♦♥tá❧♥í ♦r✐❡♥t❛❝❡ ✈③♦r❦✉ ♣➦✐ st❛✈❜➙✱ ▼ ✲ ♦❜✲
r♦❜❡♥ý t❛❤♦✈ý ✈③♦r❡❦
◆❛ ♦❜rá③❦✉ ✷✳✸✷ ❧③❡ ✈✐❞➙t ♠❡❝❤❛♥✐❝❦é ✈❧❛st♥♦st✐ ✈③♦r❦➲ ♣r♦ r➲③♥é ❦♦♠❜✐♥❛❝❡ t❡✲
♣❡❧♥é❤♦ ③♣r❛❝♦✈á♥í✳ ❆♣❧✐❦❛❝❡ ❍■P ✈ýr❛③♥➙ s♥✐➸✉❥❡ ♠❡③ ♣❡✈♥♦st✐ ❛ ♠❡③ ❦❧✉③✉ ✈③♦r❦✉
③❛ ✈③r➲st✉ ❤♦❞♥♦t② ♣♦♠➙r♥é❤♦ ♣r♦❧♦✉➸❡♥í✳ P♦✉➸✐tí♠ ❚✻ s❡ ③♠❡♥➨✐❧❛ ♠❛①✐♠á❧♥í ❤♦❞✲
♥♦t❛ ♠❡③❡ ♣❡✈♥♦st✐ ✈③♦r❦✉ ❛ ❥❡❤♦ ♣♦♠➙r♥é ♣r♦❞❧♦✉➸❡♥í ♦♣r♦t✐ ♣♦st♣r♦❝❡s♥➙ ♥❡③♣r❛✲
❝♦✈❛♥é♠✉ ✈③♦r❦✉✳ ❑♦♠❜✐♥❛❝í ❍■P ❛ ❚✻ ❜②❧♦ ❞♦s❛➸❡♥♦ ♠ír♥é❤♦ ③❧❡♣➨❡♥í ♠❡③❡ ❦❧✉③✉✳
❩ ❧♦♠♦✈ý❝❤ ♣❧♦❝❤ ❜②❧♦ ✈②♣♦③♦r♦✈á♥♦✱ ➸❡ ♣♦✉➸✐tí♠ ❍■P ❜②❧♦ ③r❡❞✉❦♦✈á♥♦ ♠♥♦➸st✈í
♣ór➲ ✈③♥✐❦❧ý❝❤ ♣➦ít♦♠♥♦stí ♦①✐❞❛↔♥í ✈rst✈②✳ ❷ár❦♦✈❛♥é ↔ár② ③♦❜r❛③✉❥í ❤♦❞♥♦t✉ ♠❡③❡
♣❡✈♥♦st✐ ❛ ❦❧✉③✉ ♣r♦ ❦♦♥✈❡♥↔♥➙ ♦❞❧é✈❛♥ý ♠❛t❡r✐á❧✳
❉❛❧➨í ♣rá❝✐ ③❛❜ý✈❛❥í❝í s❡ t❡♣❡❧♥ý♠ ③♣r❛❝♦✈á♥í♠ s❧✐t✐♥② ❆❧❙✐✶✵▼❣ ♣✉❜❧✐❦♦✈❛❧ ▲✐
❬✷✻❪✳ ❱③♦r❦② t❡♣❡❧♥➙ ③♣r❛❝♦✈❛❧ ♣♦❞❧❡ st❛♥❞❛r❞➲ t❡♣❡❧♥é❤♦ ③♣r❛❝♦✈á♥í ❚✻✳ ❱➨❡❝❤♥②
✈③♦r❦② ❜②❧② ♣♦❞r♦❜❡♥② r♦③♣♦✉➨t➙❝í♠✉ ➸í❤á♥í ♣➦✐ r➲③♥ý❝❤ t❡♣❧♦tá❝❤ ✹✺✵ ➦❈✱ ✺✵✵ ➦❈
❛ ✺✺✵ ➦❈✳ ◆ás❧❡❞♦✈❛❧♦ r②❝❤❧é ♦❝❤❧❛③❡♥í ✈❡ ✈♦❞➙ ❛ ↔ást ✈③♦r❦➲ ❜②❧❛ ♣♦❞r♦❜❡♥❛ ✉♠➙✲
❧é♠✉ stár♥✉tí ♣➦✐ t❡♣❧♦t➙ ✶✽✵ ➦❈ ♣♦ ❞♦❜✉ ✶✷ ❤♦❞✐♥✳ P♦❞♦❜♥➙ ❥❛❦♦ ✉ ♣➦❡❞❝❤♦③í❝❤
♣r❛❝í ❜②❧❛ ♣♦③♦r♦✈á♥❛ ❦❧❡s❛❥í❝í r♦③♣✉st♥♦st ❙✐ ✈ ❆❧ ♠❛t✐❝✐ s❡ ③✈➙t➨✉❥í❝í s❡ ➸í❤❛❝í
t❡♣❧♦t♦✉✳ ❱❡ ✈③♦r❝í❝❤ ❜②❧ ❛♥❛❧②③♦✈á♥ ✈③♥✐❦ ▼❣✷❙✐ ❥❡❤♦➸ ♣♦❞í❧ s❡ ❞í❦② s❡♣❛r❛❝✐ ❙✐ ③
❆❧ ♠❛t✐❝❡ ③✈➙t➨♦✈❛❧✳ ▼❣✷❙✐ ❥❡ ✐♥t❡r♠❛t✐❧✐❝❦á ❢á③❡✱ ❦t❡rá ✉ ♦❞❧é✈❛♥ý❝❤ s❧✐t✐♥ ③✈②➨✉❥❡
♠❡❝❤❛♥✐❝❦é ✈❧❛st♥♦st✐✳ ■ ♣➦❡s ③✈ý➨❡♥ý ♣♦❞í❧ tét♦ ❢á③❡ ✈ t❡♣❡❧♥➙ ③♣r❛❝♦✈❛♥ý❝❤ ✈③♦r✲
❝í❝❤ ♠❡❝❤❛♥✐❝❦é ✈❧❛st♥♦st✐ ✈③♦r❦➲ ✈ t❛❤✉ ♣♦❦❧❡s❧② ♦♣r♦t✐ ✈③♦r❦➲♠ ✈ ♥❡③♣r❛❝♦✈❛♥é♠
st❛✈✉✳ ●r❛❢② ✷✳✸✸ ✉❦❛③✉❥í ♠❡❝❤❛♥✐❝❦é ✈❧❛st♥♦st✐ t❡st♦✈❛♥ý❝❤ ✈③♦r❦➲✳ ❆✉t♦➦✐ t✈r❞í✱
➸❡ ✈②s♦❦á ♣❡✈♥♦st ✈③♦r❦➲ ✈②r♦❜❡♥ý❝❤ ❙▲▼ ❥❡ ♣➦✐s✉③♦✈❛♥á ❥❡♠♥é ♠✐❦r♦str✉❦t✉➦❡✳
❚❛ ✈②♥✐❦á ✈ ♣❡✈♥♦st✐ ❞í❦② s✈é s❝❤♦♣♥♦st✐ ③❛❜rá♥✐t ♣♦❤②❜✉ ❞✐s❧♦❦❛❝í♠✳ ❚❡♣❡❧♥ý♠




P➄❊❍▲❊❉ ❙❖❯❷❆❙◆➱❍❖ ❙❚❆❱❯ P❖❩◆➪◆❮
❖❜r✳ ✷✳✸✸ ●r❛❢② ③á✈✐s❧♦st✐ ♠❡❝❤❛♥✐❝❦ý❝❤ ✈❧❛st♥♦stí ✈ t❛❤✉ ♥❛ t❡♣❧♦t➙ ➸í❤á♥í ❬✷✻❪✳ ✭❛✮ ✲
❩á✈✐s❧♦st ♥❛♣➙tí ✈ t❛❤✉ ♥❛ ♣♦♠➙r♥é♠ ♣r♦❞❧♦✉➸❡♥í ➸í❤❛♥ý❝❤ t❛❤♦✈ý❝❤ ✈③♦r❦➲✱ ✭❜✮ ✲ ❩á✈✐s❧♦st
t❛❤♦✈é❤♦ ♥❛♣➙tí ❛ ♣♦♠➙r♥é❤♦ ♣r♦❞❧♦✉➸❡♥í ♥❛ ❤♦❞♥♦t➙ ➸í❤❛❝í t❡♣❧♦t②✱ ✭❝✮ ✲ ❩á✈✐s❧♦st ♥❛♣➙tí ✈
t❛❤✉ ♥❛ ♣♦♠➙r♥é♠ ♣r♦❞❧♦✉➸❡♥í ✈③♦r❦➲ ♣♦❞r♦❜❡♥ý❝❤ ✉♠➙❧é♠✉ stár♥✉tí✱ ✭❞✮ ✲ ●r❛❢ ❞♦s❛➸❡♥é
t✈r❞♦st✐ ✈ ③á✈✐s❧♦st✐ ♥❛ ♣♦✉➸✐té♠ t❡♣❡❧♥é♠ ③♣r❛❝♦✈á♥í ❛ t❡♣❧♦t➙ ➸í❤á♥í
str❛♥❛
✸✾
❆◆❆▲Ý❩❆ P❘❖❇▲➱▼❯ ❆ ❈❮▲ P❘➪❈❊
✸ ❆◆❆▲Ý❩❆ P❘❖❇▲➱▼❯ ❆ ❈❮▲ P❘➪❈❊
✸✳✶ ❆♥❛❧ý③❛ ♣r♦❜❧é♠✉
❱ýr♦❜❛ s♦✉↔ástí t❡❝❤♥♦❧♦❣✐í ❙▲▼ ❥❡ ♣r♦ ❦❛➸❞ý ♠❛t❡r✐á❧ s♣❡❝✐✜❝❦♦✉ ③á❧❡➸✐t♦stí✳
◆❛st❛✈❡♥í ♣r♦❝❡s♥í❝❤ ♣❛r❛♠❡tr➲ ❤r❛❥❡ ✈ý③♥❛♠♥♦✉ r♦❧✐ ✈ ♦❜❧❛st✐ ❞♦s❛➸❡♥í ♠✐♥✐♠á❧♥í
♣♦r♦③✐t② ❛ ❥❡♠♥♦③r♥é str✉❦t✉r② ❞í❧✉ ❛ tí♠ ✐ ③ís❦á♥í ♠❛①✐♠á❧♥í❝❤ ♠❡❝❤❛♥✐❝❦ý❝❤ ✈❧❛st✲
♥♦stí✳ ❱ tét♦ ❞✐♣❧♦♠♦✈é ♣rá❝✐ ❜✉❞❡ ❞♦s❛➸❡♥♦ ♣r♦③❦♦✉♠á♥í ✈❧❛st♥♦stí s❧✐t✐♥② ♣➦✐ ③♣r❛✲
❝♦✈á♥í t❡❝❤♥♦❧♦❣✐í ❙▲▼ ❛ ♦❜❥❛s♥➙♥í ✈❧✐✈✉ ❥❡❞♥♦t❧✐✈ý❝❤ ♣r♦❝❡s♥í❝❤ ♣❛r❛♠❡tr➲ ♥❛ ✈ý✲
s❧❡❞♥♦✉ ♣♦r♦③✐t✉ ❛ ♠❡❝❤❛♥✐❝❦é ✈❧❛st♥♦st✐✳ ❱ rá♠❝✐ ❞í❧↔í❝❤ ❝í❧➲ ❜✉❞♦✉ ♥❛✈r❤♥✉t②
❡①♣❡r✐♠❡♥tá❧♥í t➙❧❡s❛ s ♠❡t♦❞♦✉ t❡st♦✈á♥í ✐ ✈②❤♦❞♥♦❝❡♥í♠✱ ❡①♣❡r✐♠❡♥tá❧♥í ♣♦♣sá♥í
✈❧✐✈✉ ♣r♦❝❡s♥í❝❤ ♣❛r❛♠❡tr➲ ❛ str❛t❡❣✐í ❛ ♦✈➙➦❡♥í ✈❤♦❞♥ý❝❤ str❛t❡❣✐í ♣r♦ ✈ýr♦❜✉ ❦♦♠✲
♣❧❡①♥í❝❤ t❡st♦✈❛❝í❝❤ ❞í❧➲✳
✸✳✷ ❆♥❛❧ý③❛✱ ✐♥t❡r♣r❡t❛❝❡ ❛ ③❤♦❞♥♦❝❡♥í ♣♦③♥❛t❦➲ ③
r❡➨❡r➨❡
❩ r❡➨❡r➨♥í ↔ást✐ ✈②♣❧ý✈á✱ ➸❡ ③á❦❧❛❞♥í♠ ♣➦❡❞♣♦❦❧❛❞❡♠ ♣r♦ ❞♦❜ré ♠❡❝❤❛♥✐❝❦é ✈❧❛st✲
♥♦st✐ ♠❛t❡r✐á❧✉ ❥❡ ❞♦s❛➸❡♥í ❝♦ ♥❡❥✈➙t➨í r❡❧❛t✐✈♥í ❤✉st♦t② ♠❛t❡r✐á❧✉✳ ❚❛ ❥❡ s♣♦❥❡♥❛
s ✈♦❧❜♦✉ ✈❤♦❞♥ý❝❤ ♣r♦❝❡s♥í❝❤ ♣❛r❛♠❡tr➲✱ ❦t❡ré ❡❧✐♠✐♥✉❥í ✈③♥✐❦ ♥❡♣➦í③♥✐✈ý❝❤ ❥❡✈➲
❥❛❦♦ ❥❡ ❜❛❧❧✐♥❣ ♥❡❜♦ ♦①✐❞❛❝❡✳ ❙❡❦✉♥❞ár♥í♠✐ ✈❧✐✈②✱ ❦t❡ré ③❛s❛❤✉❥í ❞♦ ✈ýs❧❡❞♥é ❦✈❛✲
❧✐t② ❞í❧✉✱ ❥s♦✉ ♣❛❦ ✈❧❛st♥♦st✐ ♣♦✉➸✐té❤♦ ♣rá➨❦✉✱ s❧♦➸❡♥í ✐♥❡rt♥í ❛t♠♦s❢ér② ✈❡ st❛✈➙❝í
❦♦♠♦➦❡ ❛ ✈❧❛st♥♦st✐ ❧❛s❡r✉✱ ❦t❡rý♠ ❥❡ ③❛➦í③❡♥í ✈②❜❛✈❡♥♦✳
❱❛❞②✱ ❦t❡ré s♥✐➸✉❥í ♠❡❝❤❛♥✐❝❦♦✉ ♦❞♦❧♥♦st ✈ ❥✐➸ ✈②r♦❜❡♥é♠ ❞í❧✉ ❥s♦✉ ♣➦❡❞❡✈➨í♠
♠❡t❛❧♦❣r❛✜❝❦é ❛ ❦❡②❤♦❧❡ ♣ór②✳ ❏❡❥✐❝❤ ✈③♥✐❦ ♥❡❧③❡ ✈➸❞② ❡❧✐♠✐♥♦✈❛t ♣♦✉③❡ ✈❤♦❞♥ý♠
♥❛st❛✈❡♥í♠ ♣r♦❝❡s♥í❝❤ ♣❛r❛♠❡tr➲✱ ❛❧❡ ③á❧❡➸í ✐ ♥❛ ❦✈❛❧✐t➙ ❞♦❞❛♥é❤♦ ♣rá➨❦✉✳
▼❡❝❤❛♥✐❝❦é ✈❧❛st♥♦st✐ ❤❧✐♥í❦♦✈ý❝❤ s❧✐t✐♥ ✈②r♦❜❡♥ý❝❤ ❙▲▼ ❞♦s❛❤✉❥í ❛➸ ❞✈♦❥♥á✲
s♦❜♥➙ ✈②➨➨í ♠❡③❡ ♣❡✈♥♦st✐ ✈ t❛❤✉ ♥❡➸ ♣r♦ ❦♦♥✈❡♥↔♥➙ ♦❞❧é✈❛♥ý ♠❛t❡r✐á❧ ③❛ ❝❡♥✉
s♥í➸❡♥é t❛➸♥♦st✐✳ Ú♥❛✈♦✈é ✈❧❛st♥♦st✐ ❙▲▼ ❞í❧➲ s✐❧♥➙ ③á✈✐sí ♥❛ ❤♦❞♥♦t➙ ♣♦r♦③✐t②✳ ▼❡③
ú♥❛✈② ✈ ♥➙❦t❡rý❝❤ ♣➦í♣❛❞❡❝❤ ❞♦s❛❤✉❥❡ st❡❥♥é✱ ❛➸ ♠ír♥➙ ✈➙t➨í ❤♦❞♥♦t② ♥❛♣➙tí✳
❙ ú♣r❛✈♦✉ ♠❡❝❤❛♥✐❝❦ý❝❤ ✈❧❛st♥♦stí ♣♦❞❧❡ ③á♠➙r✉ ♣♦✉➸✐tí s♦✉✈✐sí t❡♣❡❧♥é ③♣r❛❝♦✲
✈á♥í✳ ◆❡❥↔❛st➙❥✐ ❜②❧ ③❦♦✉♠á♥ ✈❧✐✈ ➸í❤❛♥í s ♥ás❧❡❞♥ý♠ ✈②t✈r③♦✈á♥í♠ ♣♦♠♦❝í ✉♠➙❧é❤♦
stár♥✉tí✳ ❱➨❡❝❤♥② t②♣② t❡♣❡❧♥é❤♦ ③♣r❛❝♦✈á♥í ✈❡❞❧② ❦ s♥í➸❡♥í ♠❡③❡ ♣❡✈♥♦st✐ ✈③♦r❦➲✳
P♦✉❤ý♠ ➸í❤á♥í♠ ❜②❧♦ ✈➸❞② ❞♦s❛➸❡♥♦ ✈ýr❛③♥é❤♦ ③❧❡♣➨❡♥í ❤♦❞♥♦t② t❛➸♥♦st✐✳ ❚❡♣❡❧♥ý♠
③♣r❛❝♦✈á♥í♠ ❍■P ③❛ ③✈ý➨❡♥é❤♦ t❧❛❦✉ ❜②❧♦ ❞♦s❛➸❡♥♦ r❡❞✉❦❝❡ ♣♦r♦③✐t② ✈❡ ✈②r♦❜❡♥ý❝❤
✈③♦r❝í❝❤✳
❩ ♣♦③♥❛t❦➲ r❡➨❡r➨❡ ❦♦♥❦rét♥➙ ✈②♣❧ý✈á✱ ➸❡ ♣♦✉➸✐tí♠ ✈ý❦♦♥✉ ❧❛s❡r✉ ✈②➨➨í♠ ♥❡➸
✷✵✵ ❲ ♣r♦ ❤❧✐♥í❦♦✈é s❧✐t✐♥② ✭s✐❧✉♠✐♥②✮✱ ❧③❡ ❞♦sá❤♥♦✉t ❤♦❞♥♦t r❡❧❛t✐✈♥í ❤✉st♦t② ✈➙t✲
➨í❝❤ ♥❡➸ ✾✾ ✪✳ ▲③❡ ♦↔❡❦á✈❛t✱ ➸❡ ♥❡❥❧❡♣➨í❝❤ ♠❡❝❤❛♥✐❝❦ý❝❤ ✈❧❛st♥♦stí ❜✉❞❡ ❞♦s❛➸❡♥♦
♣rá✈➙ ♣➦✐ t♦♠t♦ ❛ ✈②➨➨í♠ ✈ý❦♦♥✉ ❧❛s❡r✉ s ♦st❛t♥í♠✐ ♣r♦❝❡s♥í♠✐ ♣❛r❛♠❡tr②✱ ❦t❡ré
❜✉❞♦✉ ✈②t✈á➦❡t ❤♦❞♥♦t✉ ❤✉st♦t② ✈st✉♣♥í ❡♥❡r❣✐❡ ♠❡③✐ ✹✵ ✲ ✶✵✵ J ➲mm−3 ✳ ❉➲✈♦✲
❞❡♠ t❛❦♦✈ý❝❤t♦ ♣r♦❝❡s♥í❝❤ ♣❛r❛♠❡tr➲ ❥❡ ♥✉t♥♦st ♣➦❡❦♦♥❛t r➲③♥é ❢❡♥♦♠é♥②✱ ❦t❡ré
♣➦✐ ③♣r❛❝♦✈á♥í ❤❧✐♥í❦♦✈ý❝❤ s❧✐t✐♥ ✈③♥✐❦❛❥í✳ ❏s♦✉ ❥✐♠✐ ♣➦❡❞❡✈➨í♠ ✈②s♦❦á ♦❞r❛③✐✈♦st
❤❧✐♥í❦✉✱ ✈❡❧❦á t❡♣❡❧♥á ✈♦❞✐✈♦st✱ ✈③♥✐❦ ♦①✐❞❛↔♥í❤♦ ✜❧♠✉✳ Pr♦ ❦♦♠♣❧❡t♥í ♣r♦③❦♦✉♠á♥í
str❛♥❛
✹✵
❆◆❆▲Ý❩❆ P❘❖❇▲➱▼❯ ❆ ❈❮▲ P❘➪❈❊
♠❛t❡r✐á❧✉ ❛❧❡ ❜✉❞❡ ♥✉t♥é ♣r♦③❦♦✉♠❛t ✐ t② ❦♦♠❜✐♥❛❝❡ ♣r♦❝❡s♥í❝❤ ♣❛r❛♠❡tr➲✱ ❦t❡ré
♣r❛✈❞➙♣♦❞♦❜♥➙ ♥❡♣♦✈❡❞♦✉ ❦ ❞♦❜rý♠ ✈❧❛st♥♦st❡♠ ♠❛t❡r✐á❧✉✳
❱ýs❧❡❞❦❡♠ tét♦ ♣rá❝❡ ❜✉❞❡ ③❥✐st✐t t❛❦♦✈é ♣r♦❝❡s♥í ♣❛r❛♠❡tr② ✈ýr♦❜②✱ ❛❜② ❜②❧♦
♠♦➸♥é ✈②rá❜➙t ❞í❧② r➲③♥ý❝❤ t✈❛r➲ ❛ ♦❜❥❡♠➲ ♣r♦ r➲③♥é ❛♣❧✐❦❛❝❡ ✈ ♣r➲♠②s❧✉✳
✸✳✸ ❈í❧ ♣rá❝❡
❍❧❛✈♥í♠ ❝í❧❡♠ ♣rá❝❡ ❥❡ ♦❜❥❛s♥✐t ✈❧✐✈ ❥❡❞♥♦t❧✐✈ý❝❤ ♣r♦❝❡s♥í❝❤ ♣❛r❛♠❡tr➲ ♣➦✐ ③♣r❛✲
❝♦✈á♥í ❤❧✐♥í❦♦✈é s❧✐t✐♥② ❆❧❙✐✼▼❣✵✱✻ t❡❝❤♥♦❧♦❣✐í ❙❡❧❡❝t✐✈❡ ▲❛s❡r ▼❡❧t✐♥❣ ♥❛ ✈ýs❧❡❞♥♦✉
♣♦r♦③✐t✉ ♠❛t❡r✐á❧✉ ❛ ❥❡❤♦ ♠❡❝❤❛♥✐❝❦é ✈❧❛st♥♦st✐✳
❉í❧↔í ❝í❧❡ ♣rá❝❡
• ◆❛✈r❤♥♦✉t ❡①♣❡r✐♠❡♥tá❧♥í t➙❧❡s❛✱ ♠❡t♦❞② t❡st♦✈á♥í ❛ ✈②❤♦❞♥♦❝❡♥í
• ◆❛✈r❤♥♦✉t r♦③s❛❤② ♦✈➙➦♦✈❛♥ý❝❤ ♣❛r❛♠❡tr➲
• ❊①♣❡r✐♠❡♥tá❧♥➙ ♣♦♣s❛t ✈❧✐✈② ❥❡❞♥♦t❧✐✈ý❝❤ ♣❛r❛♠❡tr➲ ❛ str❛t❡❣✐í
• P♦r♦✈♥❛t ❞♦s❛➸❡♥é ♠❛t❡r✐á❧♦✈é ✈❧❛st♥♦st✐ s ❞♦st✉♣♥ý♠✐ ♠❛t❡r✐á❧②




✹ ▼❆❚❊❘■➪▲ ❆ ▼❊❚❖❉❨
✹✳✶ P♦✉➸✐tý ♠❛t❡r✐á❧
✹✳✶✳✶ ❍❧✐♥í❦♦✈á s❧✐t✐♥❛ ❆❧❙✐✼▼❣✵✱✻
❩❛❞á♥í♠ ♣rá❝❡ ❥❡ ✉r↔❡♥♦ ♣♦✉➸✐tí ❤❧✐♥í❦♦✈é s❧✐t✐♥② ❆❧❙✐✼▼❣✵✱✻✳ Prá➨❡❦ ❜②❧ ♦❜✲
❥❡❞♥á♥ ♦❞ ✜r♠② ❙▲▼ ❙♦❧✉t✐♦♥s ✈ ❜❛❧❡♥í ✷✵ ❦❣✳ Pr➲♠➙r♥á ✈❡❧✐❦♦st ↔ást✐❝ ♣rá➨❦✉
✉❞á✈❛♥á ❞♦❞❛✈❛t❡❧❡♠ ❥❡ ✺✵ µ♠✳ ❈❤❡♠✐❝❦é s❧♦➸❡♥í s❧✐t✐♥②✱ ✈✐③ ♦❜r✳✹✳✶ ❥❡ ❞á♥♦ ♥♦r♠♦✉
❊◆ ✶✼✵✻✿✷✵✶✵✳ ❙❧✐t✐♥❛ ❥❡ ❞❧❡ ❷❙◆ ❊◆ ✶✼✷✺ ♦③♥❛↔❡♥❛ ❥❛❦♦ ❆❧❙✐✼▼❣✵✱✻✳ ▲③❡ ♥❛❧é③t
✐ ♦③♥❛↔❡♥í ❞❧❡ ♥♦r♠② ❯❙ ❆❧✉♠✐♥✉♠ ❆ss♦❝✐❛t✐♦♥✱ ❦❞❡ ❥❡ t❛t♦ s❧✐t✐♥❛ ✈❡❞❡♥❛ ♣♦❞
♦③♥❛↔❡♥í♠ ❆✸✺✼ ♥❡❜♦ ❋✸✺✼ ♣♦❞❧❡ ♦❜s❛❤✉ ❜❡r②❧✐❛✳
❚❛❜✳ ✹✳✶ ❈❤❡♠✐❝❦é s❧♦➸❡♥í s❧✐t✐♥② ❆❧❙✐✼▼❣✵✱✻ ❞❧❡ ♥♦r♠② ❊◆ ✶✼✵✻✿✷✵✶✵
✹✳✷ P♦✉➸✐té ③❛➦í③❡♥í
✹✳✷✳✶ ❙▲▼ ✷✽✵❍▲
❑ ③♣r❛❝♦✈á♥í ♠❛t❡r✐á❧✉ ❥❡ ♣♦✉➸✐t♦ ③❛➦í③❡♥í ❙▲▼ ✷✽✵❍▲ ♦❞ ♥➙♠❡❝❦é ✜r♠② ❙▲▼
❙♦❧✉t✐♦♥s ●♠❜❍✳ ❏❞❡ ♦ ③❛➦í③❡♥í ③♣r❛❝♦✈á✈❛❥í❝í ❦♦✈♦✈é ♠❛t❡r✐á❧② ❛❞✐t✐✈♥í t❡❝❤♥♦❧♦❣✐í
❙▲▼ ♣♦♠♦❝í ✈❧á❦♥♦✈é❤♦ ②tt❡r❜✐♦✈é❤♦ ❧❛s❡r✉✳ ❱ t❛❜✉❧❝❡ ✹✳✶ ❥s♦✉ ✉✈❡❞❡♥② ③á❦❧❛❞♥í
♣❛r❛♠❡tr② ③❛➦í③❡♥í ❙▲▼ ✷✽✵❍▲✳
❖❜r✳ ✹✳✶ P❛r❛♠❡tr② ③❛➸í③❡♥í ❙▲▼ ✷✽✵❍▲ ❬✹✸❪
◆❛ ♦❜rá③❦✉ ✹✳✷ ❥❡ ③♦❜r❛③❡♥♦ ③❛➦í③❡♥í ❙▲▼ ✷✽✵❍▲✳ ❙❦❧á❞á s❡ ③❡ st❛✈➙❝í ❦♦♠♦r②✱
❦t❡rá ❥❡ ♥❛❞ ♣r♦st♦r❡♠ ♣r♦ s❜➙r ♣➦❡❜②t❡↔♥é❤♦ ♣rá➨❦✉✳ P❧♥í❝í ♦t✈♦r ♣r♦ ♣rá➨❡❦ ❥❡
✉♠íst➙♥ s❤♦r❛ ③❛➦í③❡♥í✳ ❱ ♣r❛✈é ↔ást✐ s❡ ♥❛❝❤á③í ♣♦❥✐st❦♦✈á s❦➦í➡ ❛ ♣♦❞ ♥í ♦✈❧á❞❛❝í
❥❡❞♥♦t❦❛ s ♣♦↔ít❛↔❡♠✳
❍❧❛✈♥í ↔ástí ✈ýr♦❜♥í❤♦ ♣r♦❝❡s✉ ❥❡ st❛✈➙❝í ❦♦♠♦r❛✱ ❦t❡rá ❥❡ ♥❛ ♦❜rá③❦✉ ✹✳✸✳ ❱




❖❜r✳ ✹✳✷ P♦❤❧❡❞ ③❡♣➦❡❞✉ ♣♦✉➸✐té❤♦ ③❛➸í③❡♥í ❙▲▼ ✷✽✵❍▲ ❬✹✽❪
❖❜r✳ ✹✳✸ ❱♥✐t➦♥í ❦♦♠♦r❛ ♣♦✉➸✐té❤♦ ③❛➸í③❡♥í ❙▲▼ ✷✽✵❍▲ ❬✹✽❪
♣rá➨❦✉ ✭r❡❝♦❛t❡r✮✱ ❦t❡rý s❡ ♣♦❤②❜✉❥❡ ♥❛ ❧✐♥❡ár♥í♠ ✈❡❞❡♥í✱ ❥❡ ♥❛♥á➨❡♥❛ r♦✈♥♦♠➙r♥á
✈rst✈❛ ♣rá➨❦✉✳ P♦ ♥❛♥❡s❡♥í ✈rst✈② ♣➦❡♣❛❞á ♣➦❡❜②t❡↔♥ý ♣rá➨❡❦ ❞♦ ♣r♦st♦r✉ ♣♦❞ st❛✲
✈➙❝í ❦♦♠♦r♦✉✳ ❚❡♥t♦ ♣rá➨❡❦ ♠➲➸❡ ❜ýt ♣♦té ③♥♦✈✉ ♣♦✉➸✐t✳ ❱ t➙s♥é ❜❧í③❦♦st✐ ♥❛❞ st❛✈➙❝í
♣❧❛t❢♦r♠♦✉ ♣r♦✉❞í ✐♥❡rt♥í ♣❧②♥✱ ❦t❡rý ♦❞✈á❞í s♣❛❧✐♥② ❛ ♥❡↔✐st♦t② ✈③♥✐❦❧é ❜➙❤❡♠ ♣r♦✲
❝❡s✉ t❛✈❡♥í ♣rá➨❦✉✳ ❙t❛✈❜❛ ❞í❧✉ ❥❡ r❡❛❧✐③♦✈á♥❛ ♥❛ st❛✈➙❝í ♣❧❛t❢♦r♠✉✱ ❥❡❥í➸ ✈❡rt✐❦á❧♥í




✹✳✷✳✷ ▼✐❦r♦s❦♦♣ ❖❧②♠♣✉s ❙❩❳✼
❑ ♣r✈♦t♥í ❛♥❛❧ý③❡ str✉❦t✉r②✱ ♣♦✈r❝❤✉ ✈③♦r❦➲ ❛ ❦♦♥t✐♥✉✐t② ♥á✈❛r➲ ❥❡ ♣♦✉➸✐t ♠✐❦r♦✲
s❦♦♣ ❖❧②♠♣✉s✱ ❦t❡rý ❞✐s♣♦♥✉❥❡ ♣➦✐❜❧í➸❡♥í♠ ✈ r♦③s❛❤✉ ✼✭✵✱✽① ✲ ✺✱✻①✮✳ ❑ ♠✐❦r♦s❦♦♣✉ ❥❡
♣➦✐♣♦❥❡♥ ❢♦t♦❛♣❛rát ❈❛♥♦♥ ✶✷✵✵❉✱ ❦t❡rý s♥í♠á s♥í♠❦② ❛ ♥ás❧❡❞♥➙ ❥❡ ♦❞❡sí❧á ❞♦ ♣♦↔í✲
t❛↔❡✳ ❱②❤♦❞♥♦❝❡♥í s♥í♠❦➲ ♣r♦❜í❤á ✈ ♣r♦❣r❛♠✉ ◗✉✐❝❦P❍❖❚❖▼■❈❘❖ ✸✳✶✳ ❖s✈➙t❧❡♥í
✈③♦r❦➲ ❥❡ r❡❛❧✐③♦✈á♥♦ ↔t②➦♠✐ s❡❣♠❡♥t② ♣♦str❛♥♥í❝❤ ❞✐♦❞ s ♠➙♥✐t❡❧♥♦✉ ✐♥t❡♥③✐t♦✉ ❛
♠♦➸♥♦stí ❥❡❥✐❝❤ ♥❛t♦↔❡♥í✳
✹✳✷✳✸ ▼✐❦r♦s❦♦♣ ❖❧②♠♣✉s ●❳✺✵
❑ ❤♦❞♥♦❝❡♥í str✉❦t✉r② ♣➦í↔♥é❤♦ ➦❡③✉ ♥á✈❛r➲ ❜②❧ ♣♦✉➸✐t ♠✐❦r♦s❦♦♣ ❖❧②♠♣✉s ✈
❧❛❜♦r❛t♦➦í❝❤ ♥❛ Úst❛✈✉ ♠❛t❡r✐á❧♦✈é❤♦ ✐♥➸❡♥ýrst✈í✳ ▼✐❦r♦s❦♦♣ ❞✐s♣♦♥✉❥❡ st➦❡❞♦✈ý♠
♦s✈➙t❧❡♥í♠✱ ❦t❡ré ❥❡ ✈❤♦❞♥➙❥➨í ♦♣r♦t✐ str❛♥♦✈é♠✉ ❛ ③✈➙t➨❡♥í♠ ❛➸ ✶✵✵✵①✳ ❙♥í♠❦② ③
♠✐❦r♦s❦♦♣✉ ❥s♦✉ ③♣r❛❝♦✈á♥② ✈ ♣r♦❣r❛♠✉ ◆■❙ ❊❧❡♠❡♥ts ❆❘✳
✹✳✷✳✹ ▼✐❦r♦s❦♦♣ ❩❡✐ss ❆①✐♦ ❖❜s❡r✈❡r ❩✶♠
❑ ❞❡t❛✐❧♥í♠✉ ❤♦❞♥♦❝❡♥í ♣♦r♦③✐t② ❛ str✉❦t✉r② ♦❜❥❡♠♦✈ý❝❤ ❛ t❡♥❦♦st➙♥♥ý❝❤ ✈③♦r❦➲
❜②❧ ♣♦✉➸✐t ♠✐❦r♦s❦♦♣ ❩❡✐ss ✈ ❧❛❜♦r❛t♦➦í❝❤ ♥❛ Úst❛✈✉ ♠❛t❡r✐á❧♦✈é❤♦ ✐♥➸❡♥ýrst✈í✳ ▼✐✲
❦r♦s❦♦♣ ❞✐s♣♦♥✉❥❡ st➦❡❞♦✈ý♠ ♦s✈➙t❧❡♥í♠✳ ❙♥í♠❦② ③ ♠✐❦r♦s❦♦♣✉ ❩❡✐ss ❜②❧② ♥ás❧❡❞♥➙
♣♦✉➸✐t② ♣r♦ ✈②❤♦❞♥♦❝❡♥í ♣♦r♦③✐t② ♦❜❥❡♠♦✈ý❝❤ ✈③♦r❦➲ ✈ ♣r♦❣r❛♠✉ ■♠❛❣❡❏✳ ❱ý❤♦❞♦✉
♠✐❦r♦s❦♦♣✉ ❥❡ ❛✉t♦♠❛t✐❝❦é s♣♦❥♦✈á♥í s♥í♠❦➲ ♣➦✐ ❢♦❝❡♥í ✈➙t➨í❝❤ ✈③♦r❦➲✳
✹✳✷✳✺ ✸❉ s❦❡♥❡r ❆❚❖❙ ❚r✐♣❧❡ ❙❝❛♥
P♦♠♦❝í ✸❉ s❦❡♥❡r✉ ❜✉❞♦✉ ❞✐❣✐t❛❧✐③♦✈á♥② t❡♥❦♦st➙♥♥é ✈③♦r❦② ❛ ♥ás❧❡❞♥➙ ♥❛ ❞✐❣✐✲
t❛❧✐③♦✈❛♥ý❝❤ ❞❛t❡❝❤ ♣r♦❜➙❤♥❡ ♠➙➦❡♥í ❥❡❥✐❝❤ r♦③♠➙r➲ ✈ ♣r♦❣r❛♠✉ ●❖▼ ■♥s♣❡❝t ❱✽✳
Pr♦ s❦❡♥♦✈á♥í ❜✉❞♦✉ ♣♦✉➸✐t② ♦❜❥❡❦t✐✈② s ♠➙➦í❝í♠ ♦❜❥❡♠❡♠ ✻✵①✹✺①✸✺ ♠♠✳ P➦❡s♥♦st
s❦❡♥❡r✉ ❥❡ ✵✱✵✵✶ ♠♠ ❛ ✈③❞á❧❡♥♦st ♥❛♠➙➦❡♥ý❝❤ ❜♦❞➲ ✵✱✵✶✼ ♠♠✳
✹✳✷✳✻ ❚r❤❛❝í str♦❥ ❩✇✐❝❦ ❩✷✺✵
Pr♦ ✉r↔❡♥í ❤♦❞♥♦t② ♠❡③❡ ❦❧✉③✉✱ ♠❡③❡ ♣❡✈♥♦st✐✱ ♠♦❞✉❧✉ ♣r✉➸♥♦st✐✱ t❛➸♥♦st✐ ❛
③ú➸❡♥í ❜✉❞❡ ♣♦✉➸✐t tr❤❛❝í str♦❥ ❩✇✐❝❦✱ ❦t❡rý ❥❡ ❞♦st✉♣♥ý ♥❛ Úst❛✈✉ ♠❛t❡r✐á❧♦✈é❤♦
✐♥➸❡♥ýrst✈í✳ ▼❛①✐♠á❧♥í ③❛tí➸❡♥í✱ ❦t❡ré ❥❡ s❝❤♦♣❡♥ ✈②✈♦❞✐t✱ ❥❡ ✶✺✵❦◆✳
✹✳✷✳✼ ▼❡t❛❧♦❣r❛✜❝❦ý ✈ý❜r✉s
Pr♦ ❛♥❛❧ý③✉ ✈②r♦❜❡♥ý❝❤ ✈③♦r❦➲ ✭♣♦r♦③✐t② ❛ ♠✐❦r♦str✉❦t✉r②✮ ❥❡ ♥✉t♥é s❧❡❞♦✈❛t
r♦✈✐♥✉ ➦❡③✉ ✈ ♦❜❥❡♠✉ ✈③♦r❦✉✳ ▼❡t❛❧♦❣r❛✜❝❦ý ✈ý❜r✉s ❥❡ r❡❛❧✐③♦✈á♥ ♥❛ ❜r✉s❦á❝❤ ❞♦✲
st✉♣♥ý❝❤ ♥❛ Úst❛✈✉ ♠❛t❡r✐á❧♦✈é❤♦ ✐♥➸❡♥ýrst✈í✳ ❱ý❜r✉s ❥❡ ♣r♦✈á❞➙➡ ❜r✉s♥ý♠✐ ♣❛♣ír②
❛➸ ❞♦ ③r♥✐t♦st✐ ✹✵✵✵ ❛ ♥ás❧❡❞♥➙ ❥❡ ❧❡➨t➙♥ ♥❛ ❧❡➨tí❝í❝❤ ♣❧át♥❡❝❤✳ Pr♦ s❧❡❞♦✈á♥í ♠✐❦✲
r♦str✉❦t✉r② ❥❡ ✈②❧❡➨t➙♥ý ✈③♦r❡❦ ♥❛❧❡♣tá♥ ❧❡♣t❛❞❧❡♠ ❋✉ss ♦ s❧♦➸❡♥í✿ ❍❋✲✼✱✺ ♠❧✱ ❍❈❧✲✷✺





P♦st✉♣ ❡①♣❡r✐♠❡♥tá❧♥í❤♦ st❛♥♦✈❡♥í ♣r♦❝❡s♥í❝❤ ♣❛r❛♠❡tr➲ ♣r♦ s❧✐t✐♥✉ ❆❧❙✐✼▼❣✵✱✻
✈②❝❤á③í ③❡ s♦✉↔❛s♥é❤♦ st❛✈✉ ♣♦③♥á♥í ❛❞✐t✐✈♥í ✈ýr♦❜② ❤❧✐♥í❦♦✈ý❝❤ s❧✐t✐♥✳ ❙❝❤é♠❛t✐❝❦é
③♥á③♦r♥➙♥í ♣❧á♥♦✈❛♥é❤♦ ♣♦st✉♣✉ ♣rá❝❡ ❥❡ ♥❛ ♦❜rá③❦✉ ✹✳✹✳ Pr✈♥í♠ ❦r♦❦❡♠ ❜✉❞❡ ♥á✈❛✲
r♦✈ý t❡st✱ ③ ❦t❡ré❤♦ s❡ ✉r↔í ✈ý❦♦♥ ❛ r②❝❤❧♦st ❧❛s❡r✉ ♣r♦ ❞♦s❛➸❡♥í ❦♦♥t✐♥✉á❧♥í❤♦ ♥á✈❛r✉
❜❡③ ✈③♥✐❦✉ ♥❡s♣♦❥✐t♦stí✱ ❜❛❧❧✐♥❣ ❡❢❡❦t✉ ❛ ❞❡❢♦r♠❛❝í✳ ◆❛❧❡③❡♥í ✈❤♦❞♥ý❝❤ ♣❛r❛♠❡tr➲
♣r♦ r♦③♠➙r♦✈➙ ✈❤♦❞♥ý ❛ ❦♦♥t✐♥✉á❧♥í ♥á✈❛r ✉♠♦➸♥í ♣➦✐st♦✉♣✐t ❦ st❛✈❜➙ t❡♥❦♦st➙♥✲
♥ý❝❤ ❛ ♦❜❥❡♠♦✈ý❝❤ ✈③♦r❦➲✳ ❯ t❡♥❦♦st➙♥♥é❤♦ t❡st✉ ❜✉❞♦✉ ❞á❧❡ ③❦♦✉♠á♥② ♣❡rs♣❡❦✲
t✐✈♥í ♣r♦❝❡s♥í ♣❛r❛♠❡tr② ③ ♥á✈❛r♦✈é❤♦ t❡st✉✳ Pr♦♠➙♥♥ý♠ ♣❛r❛♠❡tr❡♠ ✉ ♦❜❥❡♠♦✈é❤♦
t❡st✉ ❜✉❞❡ ✈③❞á❧❡♥♦st ➨r❛❢ ♣➦✐ ❥✐➸ ✉r↔❡♥ý❝❤ ♣❛r❛♠❡tr❡❝❤ ✈ý❦♦♥✉ ❛ r②❝❤❧♦st✐ ❧❛s❡r✉
③❥✐➨t➙♥ý❝❤ ③ ♥á✈❛r♦✈é❤♦ ❛ t❡♥❦♦st➙♥♥é❤♦ t❡st✉✳ ❯ ✈③♦r❦➲ ❜✉❞❡ ♣➦❡❞♥♦st♥➙ s❧❡❞♦✈á♥
♣r➲❜➙❤ st❛✈❜② ❛ ❥❡❥✐❝❤ ♣r♦❝❡♥t✉á❧♥í ♣ór♦✈✐t♦st✳ ◆ás❧❡❞♥➙ s❡ ③ ✜♥á❧♥➙ ✉r↔❡♥ý❝❤ ♣r♦✲
❝❡s♥í❝❤ ♣❛r❛♠❡tr➲ ✈②r♦❜í ③❦✉➨❡❜♥í ✈③♦r❦② ♣r♦ t❛❤♦✈é ❛ ú♥❛✈♦✈é t❡st② ❛ t❡st♦✈❛❝í ❞í❧②✳
❊①♣❡r✐♠❡♥t② ❥s♦✉ ❧✐♠✐t♦✈á♥② ♠❛①✐♠á❧♥í♠✐ r♦③♠➙r② ♣❧❛t❢♦r♠② ✾✽①✾✽ ♠♠✳ ❚❧♦✉➨➫❦❛
✈rst② ❥❡ st❛♥♦✈❡♥❛ ♥❛ ✺✵µ♠✳ ❚❡♣❧♦t❛ ♣❧❛t❢♦r♠② ❥❡ ♣♦ ❝❡❧♦✉ ❞♦❜✉ ❡①♣❡r✐♠❡♥t✉ ✶✷✵➦❈✳
❱②t✈♦➦❡♥í ❞❛t ❛ ❥❡❥✐❝❤ ❡①♣♦rt ❞♦ ❢♦r♠át✉ ❙❚▲ ❜✉❞❡ ♣r♦✈❡❞❡♥ ✈ ❈❆❉ s♦❢t✇❛r✉✳
P➦❡❞ s♣✉➨t➙♥í♠ ✈ýr♦❜② ❥❡ ♥✉t♥é ❦❛➸❞é♠✉ ✈③♦r❦✉ ✈ ♣r♦❣r❛♠✉ ▼❛❣✐❝s ✉r↔✐t ❥❡❤♦
♣r♦❝❡s♥í ♣❛r❛♠❡tr②✳
❖❜r✳ ✹✳✹ ❙❝❤é♠❛t✐❝❦é ③♥á③♦r♥➙♥í ♣❧á♥✉ ♣rá❝❡
✹✳✸✳✶ ◆á✈❛r♦✈ý t❡st
❈í❧❡♠ ♥á✈❛r♦✈é❤♦ t❡st✉ ❥❡ ✉r↔✐t ♣r♦❝❡s♥í ♣❛r❛♠❡tr② ♣r♦ t✈♦r❜✉ ❦✈❛❧✐t♥í❤♦ ♥á✲
✈❛r✉✳ ❍❧❛✈♥í♠✐ ♣♦✉➸✐tý♠✐ ♣❛r❛♠❡tr② ♥á✈❛r♦✈é❤♦ t❡st✉✱ ♦✈❧✐✈➡✉❥í❝í ❦✈❛❧✐t✉ ♥á✈❛r✉✱
❥s♦✉ ✈ý❦♦♥ ❛ r②❝❤❧♦st ❧❛s❡r✉✳ P➦✐ ♥❛♥á➨❡♥í ♣r✈♥í ✈rst✈② ♣rá➨❦✉ ♥❡♥í ✶✵✵✪ ❥✐st♦t❛✱ ➸❡
♥❛♥❡s❡♥á ✈rst✈❛ ♠á st❛♥♦✈❡♥♦✉ t❧♦➨➫❦✉ ✺✵ µ♠✳ ❚❧♦✉➨➫❦❛ ✈rst✈② s❡ st❛❜✐❧✐③✉❥❡ ❛➸ ♣♦
♥❛♥❡s❡♥í ✉r↔✐té❤♦ ♣♦↔t✉ ✈rst❡✈✳ Pr♦ ú↔❡❧② ❡①♣❡r✐♠❡♥t✉ ❥❡ ♣♦t➦❡❜❛ ③❛❥✐st✐t ♣➦❡s♥♦✉
t❧♦✉➨➫❦✉ ✈rst✈② ♣rá➨❦✉ ❥✐➸ ♣r♦ ♣r✈♥í ✈rst✈✉✳ ❚♦❤♦ s❡ ❞á ❞♦sá❤♥♦✉t ♣➦❡s♥ý♠ ♣➦❡❜r♦✉✲
➨❡♥í♠ st❛✈➙❝í ♣❧❛t❢♦r♠② ♥❡❜♦ ♣r♦✈❡❞❡♥í♠ t❡st✉ ♥á✈❛r➲ ♥❛ ♣♦❞❦❧❛❞♦✈ý ❦✈á❞r✱ ❞í❦②
↔❡♠✉➸ ❞♦❥❞❡ ❦ st❛❜✐❧✐③❛❝✐ ♥❛♥á➨❡♥é ✈rst✈② ♣rá➨❦✉ ❛ ❜✉❞❡ ♠♦➸♥é t❡st r❡❛❧✐③♦✈❛t✳ Pr♦




✹✳✺✳ ◆❛ ❦❛➸❞é♠ ❦✈á❞r✉ ❥❡ ↔t②➦✐❝❡t ❥❡❞♥♦t❧✐✈ý❝❤ ♥á✈❛r➲✱ ③ ♥✐❝❤➸ ❦❛➸❞é ❞✈❛ ♠❛❥í st❡❥♥é
♣r♦❝❡s♥í ♣❛r❛♠❡tr②✱ ❧✐➨í❝í s❡ ♣♦✉③❡ s♠➙r❡♠ s❦❡♥♦✈á♥í ✭♣♦ ♣r♦✉❞✉ ❛t♠♦s❢ér②✱ ♣r♦t✐
♣r♦✉❞✉ ❛t♠♦s❢ér②✮✳ P➦✐ t✈♦r❜➙ ♥á✈❛r♦✈ý❝❤ ✈③♦r❦➲ ❜②❧❛ ♣♦✉➸✐t❛ ❣❡♦♠❡tr✐❡ ♦❜❞é❧♥í❦✉✳
❱ ❦❛➸❞é♠ ♠❛t❡r✐á❧✉ ♣❛❦ ❜②❧♦ ✈②♣♥✉t♦ ✈♥✐t➦♥í ➨r❛❢♦✈á♥í ❛ ③➲st❛❧❛ ♣♦✉③❡ ❦♦♥t✉r❛✳
❖❜r✳ ✹✳✺ P♦❞❦❧❛❞♦✈ý ❦✈á❞r ♥á✈❛r♦✈é❤♦ t❡st✉
❏❡❞♥♦t❧✐✈é ♥á✈❛r② ❜✉❞♦✉ ✈②❢♦❝❡♥② ③ ✈r❝❤♥í❤♦ ♣♦❤❧❡❞✉ ❛ ❜✉❞❡ ❤♦❞♥♦❝❡♥❛ ❥❡❥✐❝❤
❦♦♥t✐♥✉✐t❛✳ P♦❞❦❧❛❞♦✈é ❦✈á❞r② ❜✉❞♦✉ r♦③➦❡③á♥② ✈ ♣➦í↔♥é♠ ➦❡③✉✱ ❛❜② ❜②❧♦ ♠♦➸♥é
s❧❡❞♦✈❛t ♣➦í↔♥ý ➦❡③ ♥á✈❛r➲✳ ◆❛ ❦❛➸❞é♠ ♥á✈❛r✉ ❜✉❞❡ s❧❡❞♦✈á♥❛ ✈ý➨❦❛✱ ➨í➦❦❛✱ ❤❧♦✉❜❦❛
♣r➲✈❛r✉ ❛ ú❤❡❧ s♣♦❥❡♥í s❡ s✉❜strát❡♠ ✈ ♣r♦❣r❛♠✉ ❑▲❖◆❑ ♠❡❛s✉r❡♠❡♥t✳ ❍♦❞♥♦tí❝í
❦r✐tér✐❛ ♥á✈❛r➲ ❜✉❞♦✉ ✉✈á➸❡♥② ❞❧❡ ♣rá❝❡ ❬✺✹❪✱ ❦t❡rá s❡ ③❛❜ý✈❛❧❛ ❤♦❞♥♦❝❡♥í♠ ♥á✈❛r➲
♣r♦ ♠❛t❡r✐á❧ ❆❧❙✐✶✵▼❣✳ ❩ ✈②❤♦❞♥♦❝❡♥ý❝❤ ❞❛t ♣r♦❜➙❤♥❡ ♥ás❧❡❞♥➙ s❡❧❡❦❝❡ ♥á✈❛r➲ ♣r♦
♣♦✉➸✐tí ✈ ❞❛❧➨í♠ ✈ý③❦✉♠✉✳
✹✳✸✳✷ ❚❡♥❦♦st➙♥♥ý t❡st
❚❡♥❦♦st➙♥♥ý t❡st ♥❛✈❛③✉❥❡ ♥❛ ♥á✈❛r♦✈ý t❡st ❛ ❞á❧❡ ③❦♦✉♠á ❝❤♦✈á♥í ❥❡❞♥♦t❧✐✈ý❝❤
♥á✈❛r➲ ♣➦✐ t✈♦r❜➙ t❡♥❦ý❝❤ st➙♥✳ ❈í❧❡♠ ❥❡ ♦✈➙➦✐t ✈❤♦❞♥é ♣❛r❛♠❡tr② ③ís❦❛♥é ③ ♥á✲
✈❛r♦✈é❤♦ t❡st✉✳ ❚❡st♦✈❛❝í ✈③♦r❦② t✈♦➦í ❜♦↔♥í st➙♥② ❦r②❝❤❧❡ ♦ r♦③♠➙r❡❝❤ ✶✸①✶✸①✶✵
♠♠✳ ❱②r♦❜❡♥é ✈③♦r❦② ❜✉❞♦✉ ♥❛s❦❡♥♦✈á♥② ❛ ♣r♦❜➙❤♥❡ ♠➙➦❡♥í t❧♦✉➨➫❦② st➙♥ ♥❛ ♥❛✲
s❦❡♥♦✈❛♥ý❝❤ ❞❛t❡❝❤✳ P♦ ♦❞➦❡③á♥í ✈③♦r❦➲ ③ ♣❧❛t❢♦r♠② ❜✉❞❡ ♣r♦✈❡❞❡♥ ♠❡t❛❧♦❣r❛✜❝❦ý
✈ý❜r✉s ♣➦í↔♥ý❝❤ ➦❡③➲ st➙♥ ❛ ③♠➙➦❡♥❛ t❧♦✉➨➫❦❛ st➙♥ ♥❛ ♠✐❦r♦s❦♦♣✉✳ ❱ýs❧❡❞❦❡♠ t❡♥✲
❦♦st➙♥♥é❤♦ t❡st✉ ❜✉❞❡ ✈ý❜➙r ♥❡❥♣❡rs♣❡❦t✐✈♥➙❥➨í❝❤ ♣r♦❝❡s♥í❝❤ ♣❛r❛♠❡tr➲ ♣r♦ st❛✈❜✉
♦❜❥❡♠♦✈ý❝❤ ❞í❧➲✳
✹✳✸✳✸ ❖❜❥❡♠♦✈ý t❡st
❈í❧❡♠ ❡①♣❡r✐♠❡♥t✉ s ♦❜❥❡♠♦✈ý♠✐ ✈③♦r❦② ❥❡ ♦♣t✐♠❛❧✐③♦✈❛t ♣r♦❝❡s♥í ♣❛r❛♠❡tr②
✈②❝❤á③❡❥í❝í ③ t❡♥❦♦st➙♥♥é❤♦ t❡st✉ t❛❦✱ ❛❜②❝❤♦♠ ❞♦sá❤❧✐ ✈③♦r❦➲ s ❝♦ ♥❡❥♠❡♥➨í ♣r♦✲
❝❡♥t✉á❧♥í ♣ór♦✈✐t♦stí✳ ❱ý③♥❛♠♥♦✉ r♦❧✐ ❜✉❞❡ ❤rát ✐ ♣♦✉➸✐tá st❛t❡❣✐❡ s❦❡♥♦✈á♥í ❛ ③✈♦✲
❧❡♥á ✈③❞á❧❡♥♦st ➨r❛❢✳ Pr♦ t❡♥t♦ ❡①♣❡r✐♠❡t s❡ ♣♦✉➸✐❥í ❦♦st❦② ♦ r♦③♠➙r❡❝❤ ✺①✺①✶✵ ♠♠
❛ ✶✸①✶✸①✻ ♠♠✳ ❱ýs❧❡❞❦❡♠ t♦❤♦t♦ t❡st✉ ❜✉❞❡ ③á✈✐s❧♦st ♣♦r♦③✐t② ✈③♦r❦➲ ♥❛ ♣r♦❝❡s✲
♥í❝❤ ♣❛r❛♠❡tr❡❝❤ ❛ ❜✉❞❡ ③♠➙➦❡♥❛ ♠✐❦r♦t✈r❞♦st ♣r♦ ❥❡❞♥♦t❧✐✈é ✈③♦r❦② ♥❛ t✈r❞♦♠➙r✉
▲❊❈❖ ▲▼ ✷✹✼❆❚✳ ◆❛ ③á❦❧❛❞➙ ♥❡❥❧❡♣➨í❝❤ ✈ýs❧❡❞❦➲ ❜✉❞♦✉ ✉r↔❡♥② ♣r♦❝❡s♥í ♣❛r❛♠❡tr②




✹✳✸✳✹ ❱③♦r❦② ♣r♦ ♠❡❝❤❛♥✐❝❦é t❡st♦✈á♥í
Pr♦ ③ís❦á♥í ♠❡❝❤❛♥✐❝❦ý❝❤ ✈❧❛st♥♦stí ♠❛t❡r✐á❧✉ ✈②r♦❜❡♥é❤♦ ❞❧❡ ❞❛♥ý❝❤ ♣r♦❝❡s♥í❝❤
♣❛r❛♠❡tr➲ ❜②❧② ♣♦st❛✈❡♥② ✈③♦r❦② ♣r♦ ♠❡❝❤❛♥✐❝❦é t❡st♦✈á♥í✳ Pr♦ t❛❤♦✈♦✉ ③❦♦✉➨❦✉
❜②❧② ✈②r♦❜❡♥② ✈③♦r❦② s r♦③♠➙r② ✶✸①✶✸①✼✺ ♠♠ ✈✐③ ♦❜r✳✹✳✻ ♥❛❤♦➦❡✳ ❚②t♦ ✈③♦r❦② ❜②❧②
♥ás❧❡❞♥➙ ♦❜r♦❜❡♥② ♥❛ r♦③♠➙r ③ú➸❡♥é ↔ást✐ ∅✻①✸✵ ♠♠ ❞❧❡ ❉■◆ ✺✵✶✷✺ ✈✐③ ♦❜r✳✹✳✻
❞♦❧❡✳
❖❜r✳ ✹✳✻ ❚❛❤♦✈ý ✈③♦r❡❦ ✈②r♦❜❡♥ý t❡❝❤♥♦❧♦❣✐í ❙▲▼ ♣➦❡❞ ♦❜r♦❜❡♥í♠ ✭♥❛❤♦➦❡✮✱ ♦❜r♦❜❡♥ý t❛❤♦✈ý
✈③♦r❡❦ ❞❧❡ ❉■◆ ✺✵✶✷✺ ✭❞♦❧❡✮ ❬✶✹❪
✹✳✸✳✺ P➦í♣r❛✈❛ ❡①♣❡r✐♠❡♥t✉
Pr✈♥í♠ ❦r♦❦❡♠ ♣➦❡❞ ③❛❤á❥❡♥í♠ ✈ýr♦❜② ❥❡ ♣➦í♣r❛✈❛ ❞❛t ♣r♦ ❙▲▼ ③❛➦í③❡♥í✳ ❱
❧✐❜♦✈♦❧♥é♠ ❈❆❉ s♦❢t✇❛r✉ s❡ ✈②t✈♦➦í ✸❉ ♠♦❞❡❧② ✉r↔❡♥é ❦ ✈ýr♦❜➙✳ Pr♦st➦❡❞♥✐❝t✈í♠
♣r♦❣r❛♠✉ ▼❛❣✐❝s s❡ ✈②t✈♦➦í ❞❛t❛ ♣r♦ ③❛➦í③❡♥í ❙▲▼ ✈❡ ❢♦r♠át✉ ✳s❧♠✳ ❚❛ s❡ ♥ás❧❡❞♥➙
♥❛❤r❛❥í ❞♦ ♦✈❧á❞❛❝í ❥❡❞♥♦t❦② ③❛➦í③❡♥í ❛ ✈ýr♦❜❛ ❥❡ ♣➦✐♣r❛✈❡♥❛ ❦❡ s♣✉➨t➙♥í✳ ❚❡♥t♦ ❦r♦❦
s❡ ♥❛③ý✈á ♣r❡✲♣r♦❝❡ss✐♥❣✳
✹✳✸✳✻ P➦í♣r❛✈❛ ③❛➦í③❡♥í
❉➲❧❡➸✐t♦✉ s♦✉↔ástí ♣➦í♣r❛✈② ❥❡ ✈②↔✐➨t➙♥í ❝❡❧é❤♦ ③❛➦í③❡♥í ✈ ♠íst❡❝❤✱ ❦❞❡ ❞♦❝❤á③í
❦❡ ❦♦♥t❛❦t✉ s ♣rá➨❦❡♠✳ ❚♦ s❡ tý❦á st❛✈➙❝í ❦♦♠♦r②✱ ❤❧❛✈♥í❤♦ ③ás♦❜♥í❦✉ ♣rá➨❦✉ ✐
♥❛♥á➨❡❝í❤♦ ③❛➦í③❡♥í✱ st❡❥♥➙ t❛❦ ♣➦❡♣❛❞➲ tr✉❜❡❦ ❛ ✈❧♥♦✈❝➲ s❧♦✉➸í❝í❝❤ ♣r♦ ♦❞✈á❞➙♥í
♣rá➨❦✉✳ ❑ ↔✐➨t➙♥í s❡ ♣♦✉➸í✈❛❥í ♣❛♣ír♦✈é ✉t➙r❦② s ✐③♦♣r♦♣②❧❛❧❦♦❤♦❧❡♠ ✭■P❆✮✳
Pr♦ ❡①♣❡r✐♠❡♥tá❧♥í ♦✈➙➦❡♥í s❡ ♣♦✉➸í✈á ♠❡♥➨í st❛✈➙❝í ♣❧❛t❢♦r♠❛ ✈❡ s♣♦❥❡♥í s ♣♦✲




♣❧❛t❢♦r♠②✱ ❛❜② ♥❡❞♦➨❧♦ ❦❡ ❦♦❧✐③✐✳ ❩❛r♦✈♥á♥í ♣❧❛t❢♦r♠② s❡ ❦♦♥tr♦❧✉❥❡ ♣♦♠♦❝í r♦✈♥é❤♦
❜➦✐t✉✱ ❦t❡rý s❡ st➦í❞❛✈➙ ♣➦✐❦❧á❞á ♥❛ r❡❞✉❦↔♥í rá♠❡↔❡❦ ❛ ♣❧❛t❢♦r♠✉✱ ❞♦❦✉❞ ♥❡❞♦❥❞❡ ❦
③❛r♦✈♥á♥í✳ ❚②t♦ ú❦♦♥② ❥❡ ♣♦t➦❡❜❛ ♣r♦✈ést ♣➦❡❞ ❦❛➸❞♦✉ st❛✈❜♦✉✳ ❙t❛✈➙❝í ♣❧❛t❢♦r♠❛
s❡ ✈②❤➦í✈á ♣r♦ ❤❧✐♥í❦♦✈é s❧✐t✐♥② ♥❛ t❡♣❧♦t✉ ✶✷✵ ➦❈✳ P♦ ✉③❛✈➦❡♥í ❦♦♠♦r② ❥❡ ♥❛st❛✈❡♥
♣➦❡t❧❛❦ ✶✷ ♠❜❛r ❛ ❤❧❛❞✐♥❛ ❦②s❧í❦✉ s♥í➸❡♥❛ ♣♦❞ ✵✱✷ ✪ ✈ ❞➲s❧❡❞❦✉ ♣➦✐✈❡❞❡♥í ❞✉sí❦✉✳
❙❦❡♥♦✈á♥í ♣r✈♥í ✈rst✈② st❛✈❜② ❥❡ ③á♠➙r♥➙ ❥❡❞❡♥❦rát ③♦♣❛❦♦✈á♥♦✱ ❛❜② s❡ ❞♦sá❤❧♦





✺✳✶ ▼❡❝❤❛♥✐❝❦é ✈❧❛st♥♦st✐ r❡❢❡r❡♥↔♥í❤♦ ♠❛t❡r✐á❧✉
Pr♦ ✉r↔❡♥í ♠❡❝❤❛♥✐❝❦ý❝❤ ✈❧❛st♥♦stí ♠❛t❡r✐á❧✉ ❆❧❙✐✼▼❣✵✱✻ ✈ ❧✐té♠ st❛✈✉ ❜②❧② ✈②✲
❤❧❡❞á♥② ✈❤♦❞♥é ↔❧á♥❦②✱ ❦t❡ré s❡ ③❥✐➨t➙♥í♠ ♠❡❝❤❛♥✐❝❦ý❝❤ ✈❧❛st♥♦stí s❧✐t✐♥② ③❛❜ý✈❛❧②✳
❈❤❡♥ ❬✹✾❪ ✈❡ s✈é♠ ↔❧á♥❦✉ ③❦♦✉♠❛❧ ♠❡❝❤❛♥✐s♠✉s ❧♦♠✉ ♠❛t❡r✐á❧✉ ❆❧❙✐✼▼❣✵✱✻
✈ ♦❞❧✐té♠ ✐ t❡♣❡❧♥➙ ③♣r❛❝♦✈❛♥é♠ st❛✈✉✳ ❱②r♦❜❡♥é t❛❤♦✈é ✈③♦r❦② ♠➙❧② ♣r➲♠➙r ✶✵
♠♠ ❛ ❞é❧❦✉ ③ú➸❡♥é ↔ást✐ ✶✺ ♠♠✳ ▼❛①✐♠á❧♥í ♠❡③ ♣❡✈♥♦st✐ ♣r♦ ♦❞❧✐tý ✈③♦r❡❦ ❜②❧❛
✶✼✻ ▼P❛✱ ♠❡③ ❦❧✉③✉ ✶✻✸ ▼P❛ ❛ ♣♦♠➙r♥é ♣r♦❞❧♦✉➸❡♥í ✶✱✹✼ ✪✳ ❱③♦r❡❦ s t❡♣❡❧♥ý♠
③♣r❛❝♦✈á♥í♠ ❚✻ ❞♦sá❤❧ ♠❛①✐♠á❧♥í ♠❡③❡ ♣❡✈♥♦st✐ ✸✵✽ ▼P❛✱ ♠❡③ ❦❧✉③✉ ✷✸✹ ▼P❛ ❛
♣♦♠➙r♥é ♣r♦❞❧♦✉➸❡♥í ✺✱✹✸ ✪✳
❱ ❞❛❧➨í ♣rá❝✐ ❊s✲❙❛✐❞ ❬✺✵❪ ♣♦r♦✈♥á✈❛❧ ♦❞❧✐t❦② ③ ♠❛t❡r✐á❧✉ ❆❧❙✐✼▼❣✵✱✻ ✈ r➲③♥é♠
st❛✈✉ t❡♣❡❧♥é❤♦ ③♣r❛❝♦✈á♥í ❚✻✳ ❚❛❤♦✈é ✈③♦r❦② ♠➙❧② ♣r➲♠➙r ✵✱✺✧✭✶✷✱✼ ♠♠✮ ❛ ❞é❧❦✉ ✈
③ú➸❡♥é ↔ást✐ ✷✧✭✺✵✱✽ ♠♠✮✳ ❖❞❧✐tý ✈③♦r❡❦ ❜❡③ t❡♣❡❧♥é❤♦ ③♣r❛❝♦✈á♥í ❞♦sá❤❧ ♠❛①✐♠á❧♥í
♠❡③❡ ♣❡✈♥♦st✐ ✶✽✵ ▼P❛✱ ♠❡③❡ ❦❧✉③✉ ✽✺ ▼P❛ ❛ ♣♦♠➙r♥é❤♦ ♣r♦❞❧♦✉➸❡♥í ✺✱✶ ✪✳ ❉í❦②
s♣rá✈♥é ♦♣t✐♠❛❧✐③❛❝✐ t❡♣❧♦t ♣➦✐ t❡♣❡❧♥é♠ ③♣r❛❝♦✈á♥í ♠➙❧ ♥❡❥❧❡♣➨í ✈③♦r❡❦ ♠❛①✐♠á❧♥í
♠❡③ ♣❡✈♥♦st✐ ✸✺✼ ▼P❛✱ ♠❡③ ❦❧✉③✉ ✸✵✺ ▼P❛ ❛ ♣♦♠➙r♥é ♣r♦❞❧♦✉➸❡♥í ✻✱✶ ✪✳ ❍♦❞♥♦t②
♠❡❝❤❛♥✐❝❦ý❝❤ ✈❧❛st♥♦stí ③ t➦❡tí❤♦ ↔❧á♥❦✉ ❥s♦✉ ③ ♠❛t❡r✐á❧♦✈é❤♦ ✇❡❜✉ ❞♦st✉♣♥é❤♦ ♥❛
✐♥t❡r♥❡t✉ ❬✺✸❪✳
❚❛❜✳ ✺✳✶ ❚❛❜✉❧❦❛ s ♠❡❝❤❛♥✐❝❦ý♠✐ ❤♦❞♥♦t❛♠✐ ♠❛t❡r✐á❧✉ ③ ♣➦ís❧✉➨♥ý❝❤ ↔❧á♥❦➲✳
❷❧á♥❡❦ ✶ ✲ ❬✹✾❪✱ ✷ ✲ ❬✺✵❪✱ ✸ ✲ ❬✺✸❪
✺✳✷ ❆♥❛❧ý③❛ ♣rá➨❦✉
❩❛❦♦✉♣❡♥ý ♣rá➨❡❦ ♦❞ ✜r♠② ❙▲▼ ❙♦❧✉t✐♦♥s ❜②❧ ♣♦❞r♦❜❡♥ ❛♥❛❧ý③❡ r♦③❧♦➸❡♥í ❛ ✈❡❧✐✲
❦♦st✐ ↔ást✐❝✳ ◆❡❥↔❛st➙❥✐ ❥s♦✉ ✈ ♦❜❥❡♠✉ ③❛st♦✉♣❡♥② ↔ást✐❝❡ s ✈❡❧✐❦♦stí ✹✺ µ♠✳ Pr➲♠➙r♥á
✈❡❧✐❦♦st ↔ást✐❝ ♣rá➨❦✉ ❥❡ ✹✾✱✻ µ♠✳ ❉✐str✐❜✉❝❡ ✈❡❧✐❦♦st✐ ↔ást✐❝ ♣rá➨❦✉ ❥❡ r♦✈♥♦♠➙r♥á✳
Prá➨❡❦ ♦❜s❛❤✉❥❡ ③ ✻✾ ✪ ↔ást✐❝❡ ♠❡♥➨í ♥❡➸ ✺✵ µ♠✱ ❦t❡ré s❡ ú↔❛st♥í t✈♦r❜② r♦✈♥♦♠➙r♥é
✈rst✈② ♦ ✈ý➨❝❡ ✺✵ µ♠✳ ❱ýr♦❜❝❡ ✉✈á❞í✱ ➸❡ ✶✵ ✪ ♣rá➨❦✉ ❜② ♠➙❧♦ ❜ýt ❞♦ ✈❡❧✐❦♦st✐ ↔ást✐❝
✷✵ µ♠✱ ✺✵ ✪ ♣rá➨❦✉ ❞♦ ✈❡❧✐❦♦st✐ ✹✵ µ♠ ❛ ✾✵ ✪ ♣rá➨❦✉ ❞♦ ✈❡❧✐❦♦st✐ ✻✵ µ♠✳ ❆♥❛❧ý③❛
✉❦á③❛❧❛✱ ➸❡ ✶✵ ✪ ♣rá➨❦✉ ❥❡ ❛➸ ❞♦ ✈❡❧✐❦♦st✐ ✸✵ µ♠✱ ✺✵ ✪ ♣rá➨❦✉ ❞♦ ✈❡❧✐❦♦st✐ ✹✺ µ♠ ❛
✾✵ ✪ ♣rá➨❦✉ ❞♦ ✈❡❧✐❦♦st✐ ✾✼ µ♠✳ ◆❡❥✈➙t➨í ↔ást✐❝❡ ✈ ♣rá➨❦✉ ❞♦s❛❤✉❥í ✈❡❧✐❦♦st✐ ❛➸ ✶✺✷
µ♠✳ ❖❜❥❡♠♦✈é ③❛st♦✉♣❡♥í ↔ást✐❝ ✈ ♣rá➨❦✉ ❥❡ ③♦❜r❛③❡♥♦ ♥❛ ♦❜r✳ ✺✳✶✳
❉❛❧➨í t❡st s❡ ③❛❜ý✈❛❧ ❦♦♥tr♦❧♦✉ ❦r✉❤♦✈✐t♦st✐ ↔ást✐❝✳ ❱ýr♦❜❝❡ ✉✈á❞í✱ ➸❡ ❜② ♣rá✲




♣rá➨❦✉ ♥❡❥s♦✉ ✈❡ ✈➨❡❝❤ ♣➦í♣❛❞❡❝❤ ❦✉❧♦✈é✳ ◆➙❦t❡ré ↔ást✐❝❡ ❥s♦✉ s♣í➨❡ ♣r♦tá❤❧é❤♦ t✈❛r✉✳
▼❛❦r♦s❦♦♣✐❝❦ý ♣♦❤❧❡❞ ♥❛ t✈❛r ↔ást✐❝ ❥❡ ♥❛ ♦❜rá③❦✉ ✺✳✷ ❛ ❞❡t❛✐❧ ↔ást✐❝ ♥❛ ♦❜rá③❦✉
✺✳✸✳
❖❜r✳ ✺✳✶ ❍✐st♦❣r❛♠ r♦③❧♦➸❡♥í ↔ást✐❝ ♣rá➨❦✉ ❆❧❙✐✼▼❣✵✱✻ ♦❞ ❙▲▼ ❙♦❧✉t✐♦♥s




❖❜r✳ ✺✳✸ ❉❡t❛✐❧♥í s♥í♠❡❦ t✈❛r✉ ↔ást✐❝
✺✳✸ ◆á✈❛r♦✈ý t❡st
✺✳✸✳✶ P➦í♣r❛✈❛ t❡st✉
Pr♦ ♥á✈❛r♦✈ý t❡st ❜②❧ ♣♦✉➸✐t r♦③s❛❤ ♣❛r❛♠❡tr➲ ♦ ✈ý❦♦♥✉ ❧❛s❡r✉ ✈ r♦③♠❡③í ♦❞
✶✼✺ ❲ ❞♦ ✹✵✵ ❲ ❛ r②❝❤❧♦st✐ s❦❡♥♦✈á♥í ✈ r♦③♠❡③í ♦❞ ✷✵✵ ♠♠✴s ❞♦ ✷✵✵✵ ♠♠✴s✳
◆❛ ♣❧❛t❢♦r♠✉ ❜②❧♦ ✉♠íst➙♥♦ ❞✈❛♥á❝t ♣♦❞❦❧❛❞♦✈ý❝❤ ❦✈á❞r➲✱ ♥❛ ❦t❡ré ❜②❧♦ ♥❛✈❛➦❡♥♦
✶✷✵ ♥á✈❛r➲ s r➲③♥ý♠✐ ❦♦♠❜✐♥❛❝❡♠✐ ♣❛r❛♠❡tr➲ ✈ý❦♦♥✉ ❛ r②❝❤❧♦st♠✐ ❧❛s❡r✉✳ Pr♦ ♥á✲
✈r❤ ✈❤♦❞♥ý❝❤ ❦♦♠❜✐♥❛❝í ♣r♦❝❡s♥í❝❤ ♣❛r❛♠❡tr➲ s❡ ✈②❝❤á③❡❧♦ ③ ♣➦❡❞❡➨❧ý❝❤ ♣r❛❝í✱ ❦❞❡
♣r♦ ✈③♦r❦② s ♥➙❥✈➙t➨í r❡❧❛t✐✈♥í ❤✉st♦t♦✉ ❜②❧❛ ❤♦❞♥♦t❛ ✈st✉♣♥í ❡♥❡r❣✐❡ ❞♦ ♣r♦❝❡s✉
✈ r♦③♠❡③í ♦❞ ✹✱✼✻ ❞♦ ✶✵ ❏✴♠♠✷✱ ❞❧❡ ✈③♦r❝❡ ✷✳✶ ❜❡③ ③❛❤r♥✉tí ✈③❞á❧❡♥♦st✐ ➨r❛❢✳ ◆❛
♦❜rá③❦✉ ✺✳✹ ❥❡ ③♦❜r❛③❡♥❛ ♠❛♣❛ ♣r♦❝❡s♥í❝❤ ♣❛r❛♠❡tr➲ ♣r♦ ♥á✈❛r♦✈ý t❡st✳ ❍♦❞♥♦t❛
✈st✉♣♥í ❡♥❡r❣✐❡ ❞♦ ♣r♦❝❡s✉ s❡ ♣♦❤②❜✉❥❡ ♦❞ ✸✱✺ ❞♦ ✷✵ ❏✴♠♠✷✳ ❏❡ t❛❦ ③❛❥✐➨t➙♥♦✱ ➸❡
♠✐♠♦ ✈②❤♦✈✉❥í❝í ♥á✈❛r② ❜✉❞♦✉ ✈②r♦❜❡♥② ✐ ♥á✈❛r② ♥❡✈②❤♦✈✉❥í❝í✱ ❛ ❜✉❞❡ t❛❦ ♠♦➸♥♦st
♣♦③♦r♦✈❛t ❤r❛♥✐❝✐ ♠❡③✐ ✈❤♦❞♥ý♠✐ ❛ ♥❡✈❤♦❞♥ý♠✐ ♣r♦❝❡s♥í♠✐ ♣❛r❛♠❡tr②✳
✺✳✸✳✷ ❱ýs❧❡❞❦②
◆❛♠➙➦❡♥é r♦③♠➙r② ♥á✈❛r➲ ❜②❧② ③♣r❛❝♦✈á♥② ❞♦ ❣r❛❢➲ ✈ ③á✈✐s❧♦t✐ ♥❛ r②❝❤❧♦st✐ s❦❡✲
♥♦✈á♥í ♣r♦ ❦❛➸❞ý ✈ý❦♦♥ ❛ s♠➙r s❦❡♥♦✈á♥í✳ ❱ýs❧❡❞♥é ❦➦✐✈❦② ❜②❧② ♣r♦❧♦➸❡♥② s♣♦❥♥✐✲
❝❡♠✐ tr❡♥❞✉✳ ❏❛❦ ❧③❡ ✈✐❞➙t ③ ❣r❛❢➲ ✺✳✺✱ ➨í➦❦❛ ♥á✈❛r✉ ❛ ❤❧♦✉❜❦❛ ♣r➲✈❛r✉ ♠❛❥í ❦❧❡s❛❥í❝í




❖❜r✳ ✺✳✹ ▼❛♣❛ ♣r♦❝❡s♥í❝❤ ♣❛r❛♠❡tr➲ ♥á✈❛r♦✈é❤♦ t❡st✉
➸á❞♥♦✉ ③á✈✐s❧♦st ♥❛ ③á❦❧❛❞➙ ♠➙♥í❝í s❡ s❦❡♥♦✈❛❝í r②❝❤❧♦st✐✳ ❏❡❥í ❤♦❞♥♦t❛ s❡ ♣♦❤②❜✉❥❡
♣➦❡✈á➸♥➙ ♥❛❞ ✺✵ µ♠✳ Pr➲♠➙r♥á ❤♦❞♥♦t❛ ✈ý➨❦② ✈➨❡❝❤ ♥á✈❛r➲ ❥❡ ✻✷ µ♠ s❡ s♠➙r♦❞❛t✲
♥♦✉ ♦❞❝❤②❧❦♦✉ ✸✷ µ♠✳
Pr♦ ✈ý❜➙r ✈❤♦❞♥ý❝❤ ♥á✈❛r➲✱ ❥❡❥✐❝❤➸ ♣❛r❛♠❡tr② ❜✉❞♦✉ ❞á❧❡ t❡st♦✈á♥②✱ ❜②❧② ✉r↔❡♥②
❤♦❞♥♦tí❝í ❦r✐tér✐❛✳ ❍♦❞♥♦❝❡♥❛ ❜②❧❛ ❦♦♥t✐♥✉✐t❛✱ r♦③♠➙r ♥á✈❛r✉ ❛ ♣➦ít♦♠♥♦st ♣♦r➲
♥❡❜♦ tr❤❧✐♥✳ ◆❛ ③á❦❧❛❞➙ t➙❝❤t♦ ❤♦❞♥♦❝❡♥ý❝❤ ♣r✈❦➲ ❜②❧② ♥á✈❛r② r♦③❞➙❧❡♥② ❞♦ t➦í
s❦✉♣✐♥✳ Pr✈♥í s❦✉♣✐♥❛ ♥❡✈❤♦❞♥ý❝❤ ♥á✈❛r➲ ✭✈ ♣r♦❝❡s♥í ♠❛♣➙ ➨❡❞♦✉ ❜❛r✈♦✉✮ ♥❡♠➙❧❛
♣♦➸❛❞♦✈❛♥é r♦③♠➙r② ✭✈ý➨❦❛❃ ✸✵ µ♠✱ ♣r➲✈❛r❂ ✺✵ ✲ ✶✻✵ µ♠ ❛ ú❤❡❧ ♥❛♣♦❥❡♥í❂ ✾✵
✲ ✶✼✵➦✮ ❛♥❡❜♦ ♦❜s❛❤♦✈❛❧❛ ♣ór② ❛ tr❤❧✐♥②✳ ❉r✉❤á s❦✉♣✐♥❛ ✭✈ ♣r♦❝❡s♥í ♠❛♣➙ ➸❧✉t♦✉
❜❛r✈♦✉✮ ♦❜s❛❤♦✈❛❧❛ ♥á✈❛r②✱ ❦t❡ré ❜②❧② r♦③♠➙r♦✈➙ ✈❤♦❞♥é✱ ❛❧❡ ♥❡❦♦♥t✐♥✉á❧♥í✳ ❚➦❡tí
s❦✉♣✐♥❛ ✭✈ ♣r♦❝❡s♥í ♠❛♣➙ ③❡❧❡♥♦✉ ❜❛r✈♦✉✮ ♦❜s❛❤♦✈❛❧❛ ♥á✈❛r② ✈❤♦❞♥é ③ ❤❧❡❞✐s❦❛
❦♦♥t✐♥✉✐t② ✐ r♦③♠➙r➲✳
◆❛ ♦❜rá③❦✉ ✺✳✻ ❥❡ ♣r♦❝❡s♥í ♠❛♣❛ s ❜❛r❡✈♥➙ ♦❞❧✐➨❡♥ý♠✐ ♥á✈❛r② ♣♦❞❧❡ ❤♦❞♥♦tí❝í
s❦✉♣✐♥②✳ ❱❤♦❞♥é ♥á✈❛r② ❥s♦✉ ♦③♥❛↔❡♥② ③❡❧❡♥➙✱ r♦③♠➙r♦✈➙ ✈❤♦❞♥é ❛❧❡ ♥❡❦♦♥t✐♥✉á❧♥í
➸❧✉t➙ ❛ ♥❡✈❤♦❞♥é ♥á✈❛r② ➨❡❞➙✳ ❩ ♠❛♣② ❥❞❡ ✈✐❞➙t✱ ➸❡ ✈ýs❦②t ♦❜❧❛st✐ ✈❤♦❞♥ý❝❤ ♥á✈❛r➲
❥❡ ♣r✐♠ár♥➙ ♣➦✐ ✈ý❦♦♥❡❝❤ ✈②➨➨í❝❤ ♥❡➸ ✸✵✵ ❲ ❛ r②❝❤❧♦st❡❝❤ ♠❡③✐ ✾✵✵ ✲ ✶✷✵✵ ♠♠✴s✳
❱ ♣r✈♥í s❦✉♣✐♥➙ r♦③♠➙r♦✈➙ ♥❡✈❤♦❞♥ý❝❤ ♥á✈❛r➲ ❜②❧② t② s ✈②s♦❦♦✉ ❛ ♥í③❦♦✉
✈st✉♣♥í ❡♥❡r❣✐í✳ ◆á✈❛r② s ✈②s♦❦♦✉ ✈st✉♣♥í ❡♥❡r❣✐í s❡ ♣r♦❥❡✈♦✈❛❧② ✈❡❧❦ý♠ ♣r➲✈❛r❡♠ ❛
♦❜↔❛s♥ý♠ ✈ýs❦②t❡♠ ♣ór➲✳ ◆á✈❛r② s ♥í③❦♦✉ ✈st✉♣♥í ❡♥❡r❣✐í ♠➙❧② ♠❛❧♦✉ ✈ý➨❦✉✱ ➨♣❛t♥ý
ú❤❡❧ ♥❛♣♦❥❡♥í ♥❡❜♦ ♠❛❧ý ♣r➲✈❛r✳ ❉r✉❤á s❦✉♣✐♥❛ ♥á✈❛r➲ s❡ ✈②③♥❛↔♦✈❛❧❛ ✈❤♦❞♥ý♠✐
r♦③♠➙r②✱ ❛❧❡ ♣➦✐ ✈r❝❤♥í♠ ♣♦❤❧❡❞✉ ♥❛ ♥á✈❛r ❜②❧② ✈✐❞➙t ♥❡s♣♦❥✐t♦st✐ ✈ ❥❡❤♦ ❦♦♥t✐♥✉✐t➙✳
❚➦❡tí s❦✉♣✐♥❛ ♦❜s❛❤✉❥❡ ♥á✈❛r②✱ ❦t❡ré ❜②❧② r♦③♠➙r♦✈➙ ✈❤♦❞♥é ❛ ❦♦♥t✐♥✉á❧♥í✳
◆❛ ♦❜rá③❦✉ ✺✳✷ ❥❡ ✉❦á③❦❛ ♥á✈❛r➲ ③ ❦❛➸❞é s❦✉♣✐♥②✳
✺✳✸✳✸ ❩❤♦❞♥♦❝❡♥í
❱ rá♠❝✐ ♥á✈❛r♦✈é❤♦ t❡st✉ ❜②❧♦ ✈②r♦❜❡♥♦ ✶✷✵ ♥á✈❛r➲ s r➲③♥ý♠✐ ❦♦♠❜✐♥❛❝❡♠✐
♣r♦❝❡s♥í❝❤ ♣❛r❛♠❡tr➲✳ ❈í❧❡♠ t❡st✉ ❜②❧♦ r❡✢❡❦t♦✈❛t ❜➙➸♥ý ♣r♦❝❡s ✈ýr♦❜②✳ ❚♦❤♦ ❜②❧♦
❞♦s❛➸❡♥♦ ♥❛✈❛➦❡♥í♠ ❥❡❞♥♦t❧✐✈ý❝❤ ♥á✈❛r➲ ♥❛ ♣♦❞❦❧❛❞♦✈ý ❦✈á❞r✱ ↔í♠➸ ❜②❧♦ ③❛r✉↔❡♥♦✱
➸❡ ✈rst✈❛✱ ❦❞❡ ❜②❧② ♥á✈❛r② ♣♦st❛✈❡♥②✱ ♠➙❧❛ ✺✵ µ♠ ❛ t❛❦é ♦❞✈♦❞ t❡♣❧❛ ♣➦✐ t✉❤♥✉tí
♥á✈❛r➲ ❜②❧ r❡á❧♥➙❥➨í ♥❡➸ ♣➦✐ ♥❛✈❛➦❡♥í ♥á✈❛r➲ ♣➦í♠♦ ♥❛ st❛✈➙❝í ♣❧❛t❢♦r♠✉✳ ❘♦③♠➙r♦✈á
❛♥❛❧ý③❛ ♥á✈❛r➲ ✉❦á③❛❧❛✱ ➸❡ s r♦st♦✉❝í s❦❡♥♦✈❛❝í r②❝❤❧♦stí ♣➦✐ ❦♦♥st❛t♥í♠ ✈ý❦♦♥✉
❧❛s❡r✉ ❦❧❡sá ➨í➦❦❛ ❛ ♣r➲✈❛r ♥á✈❛r✉✳ ❚♦ ❥❡ ③♣➲s♦❜❡♥♦ ❦❧❡s❛❥í❝í ✈st✉♣♥í ❡♥❡r❣✐í ❞♦
♣r♦❝❡s✉✱ ❦t❡rá ✉r↔✉❥❡ ✈❡❧✐❦♦st r♦③t❛✈❡♥é ❧á③♥➙ t✈♦➦í❝í ✈ýs❧❡❞♥ý ♥á✈❛r✳ ❱ý➨❦❛ ♥á✈❛r✉
s❡ ♣➦✐ ♠➙♥í❝í s❡ r②❝❤❧♦st✐ s❦❡♥♦✈á♥í ♥❡♠➙♥✐❧❛ ❛ ♣♦❤②❜♦✈❛❧❛ s❡ ♥❛❞ ❤♦❞♥♦t♦✉ ✺✵




❖❜r✳ ✺✳✺ ●r❛❢② ③á✈✐s❧♦t✐ r♦③♠➙r➲ ♥á✈❛r➲ ♥❛ s❦❡♥♦✈❛❝í r②❝❤❧♦st✐ ❧❛s❡r✉ ♣r♦ ✈ý❦♦♥ ✸✼✺ ❲✳ ●r❛❢ ♥❛❤♦➦❡
③♦❜r❛③✉❥❡ r♦③♠➙r② ♣r♦ ♥á✈❛r s❦❡♥♦✈❛♥ý ♣r♦t✐ ♣r♦✉❞✉ ❛t♠♦s❢ér②✱ ❞♦❧♥í ❣r❛❢ ③♦❜r❛③✉❥❡ ♥á✈❛r s❦❡♥♦✈❛♥ý
♣♦ ♣r♦✉❞✉ ❛t♠♦s❢ér②
❖❜r✳ ✺✳✻ Pr♦❝❡s♥í ♠❛♣❛ ♥á✈❛r♦✈é❤♦ t❡st✉ s ♦❤♦❞♥♦❝❡♥ý♠✐ ♥á✈❛r②
✻✷ µ♠✳ ❚♦ ♠➲➸❡ ❜ýt ③♣➲s♦❜❡♥♦ t③✈ ❜❛❧❧✐♥❣ ❡❢❡❦t❡♠✱ ❦t❡rý s❡ ♣r♦❥❡✈✉❥❡ ✈③♥✐❦❡♠
❦✉❧✐↔❡❦ ♥❛ ✈③♥✐❦❧é♠ ♥á✈❛r✉✳ ❉❛❧➨í ♠♦➸♥♦stí t❛❦ ✈❡❧❦é ✈ý➨❦② ♥á✈❛r✉ ♠➲➸❡ ❜ýt ❢❛❦t✱
➸❡ ♣♦s❧❡❞♥í ✈rst✈❛ ♣rá➨❦✉ ♣r♦ ♥❛✈❛➦❡♥í s❛♠♦t♥ý❝❤ ♥á✈❛r➲ ❜②❧❛ ♥❛♥á➨❡♥❛ ♥❛ ♣♦✈r❝❤✱
❦t❡rý ♥❡❜②❧ ❞♦❦♦♥❛❧❡ r♦✈♥ý✳ ▼♦❤❧♦ s❡ stát✱ ➸❡ ❞♦ ♠íst❛✱ ❦❞❡ ✈③♥✐❦❧❛ ♥❡r♦✈♥♦stí
♣♦✈r❝❤✉ ♣r♦❤❧✉❜❡➡✱ s❡ ♥❛❤r♥✉❧♦ ✈í❝❡ ♣rá➨❦✉✱ ❦t❡rý ③♣➲s♦❜✐❧ ✈ýr❛③♥➙ ✈➙t➨í ✈ý➨❦✉
♥á✈❛r✉ ❛ ✈ t♦♠t♦ ♠íst➙ ♥ás❧❡❞♥➙ ♣r♦❜➙❤❧♦ ✈②❤♦❞♥♦❝❡♥í r♦③♠➙r➲✳




❚❛❜✳ ✺✳✷ ❯❦á③❦❛ ♥á✈❛r➲ ❥❡❞♥♦t❧✐✈ý❝❤ s❦✉♣✐♥✳ ✭❛✮ ✲ ✭❞✮ ③♦❜r❛③✉❥❡ ✈r❤♥í ♣♦❤❧❡❞ ♥❛ ♥á✈❛r②✱ ✭❡✮ ✲ ✭❤✮
♣♦❤❧❡❞ ✈ ♣➦í↔♥é♠ ➦❡③✉
✳
♥á✈❛r➲✳ ◆❡❥♣❡rs♣❡❦t✐✈♥➙❥➨í ❥❡ ♦❜❧❛st ✈ý❦♦♥✉ ❧❛s❡r✉ ♦❞ ✸✷✺ ❞♦ ✹✵✵ ❲✱ ❦t❡rá ❜✉❞❡
③❦♦✉♠á♥❛ ③❛ ú↔❡❧❡♠ ❞❛❧➨í❤♦ ✈ý③❦✉♠✉✳ ❱ t❛❜✉❧❝❡ ✺✳✸ ❥❡ ❥❡❥✐❝❤ ♣♦❞r♦❜♥➙❥➨í r♦③♠➙✲
r♦✈á s♣❡❝✐✜❦❛❝❡✳ P♦t✈r❞✐❧ s❡ ♣➦❡❞♣♦❦❧❛❞✱ ➸❡ ✈❤♦❞♥é ♥á✈❛r② ❜✉❞♦✉ ✈③♥✐❦❛t ♣➦✐ ✈②➨➨í❝❤
✈ý❦♦♥❡❝❤ ❧❛s❡r✉ ❛ r②❝❤❧♦st❡❝❤ s❦❡♥♦✈á♥í✱ ❥❛❦ ✉✈á❞í ✈❡ s✈é ♣rá❝✐ ▲♦✉✈✐s ❬✸❪✳ P➦❡❞♣♦✲
❦❧á❞❛♥ý r♦③s❛❤ ❤♦❞♥♦t ✈st✉♣♥í ❡♥❡r❣✐❡ ♣r♦ ✈❤♦❞♥ý ♥á✈❛r ❜②❧ ✈ r♦③♠❡③í ✹✱✼✻ ✲ ✶✵




s❧❡❞❦② ♥á✈❛r♦✈é❤♦ t❡st✉ ❜✉❞♦✉ ❞á❧❡ ♣♦✉➸✐t② ♣r♦ t❡♥❦♦st➙♥♥ý t❡st✳
❚❛❜✳ ✺✳✸ ❚❛❜✉❧❦❛ s❡ s♣❡❝✐✜❦❛❝í r♦③♠➙r➲ ❛ ♣r♦❝❡s♥í❝❤ ♣❛r❛♠❡tr➲ ✈②❜r❛♥ý❝❤ ♥á✈❛r➲
✺✳✹ ❚❡♥❦♦st➙♥♥ý t❡st
✺✳✹✳✶ P➦í♣r❛✈❛ t❡st✉
❈í❧❡♠ t❡♥❦♦st➙♥♥é❤♦ t❡st✉ ❥❡ ♦✈➙➦✐t ✈❤♦❞♥é ♣❛r❛♠❡tr② ③ís❦❛♥é ③ ♥á✈❛r♦✈é❤♦ t❡st✉
❛ ③❦♦✉♠❛t ③♠➙♥✉ ❥❡❥✐❝❤ r♦③♠➙r➲ ♣➦✐ st❛✈❜➙ ❥❡❞♥♦♥á✈❛r♦✈é st➙♥②✳ Pr♦ t❡♥❦♦st➙♥♥ý
t❡st ❜②❧♦ ✈②❜rá♥♦ ✶✵ ❦♦♠❜✐♥❛❝í ♣r♦❝❡s♥í❝❤ ♣❛r❛♠❡tr➲✱ ♦❞ ✈ý❦♦♥✉ ❧❛s❡r✉ ✸✷✺ ❞♦ ✹✵✵
❲ ❛ r②❝❤❧♦st✐ s❦❡♥♦✈á♥í ♦❞ ✾✵✵ ❞♦ ✶✸✵✵ ♠♠✴s✱ ③♦❜r❛③❡♥ý❝❤ ↔❡r✈❡♥➙ ♥❛ ♣r♦❝❡s♥í
♠❛♣➙✱ ✈✐③ ♦❜r✳ ✺✳✼✳ ❘♦③s❛❤ ❡♥❡r❣✐❡ ✈st✉♣✉❥í❝í ❞♦ ♣r♦❝❡s✉ ❥❡ ✈ r♦③♠❡③í ♦❞ ✻✱✸ ❞♦
✽ ❏✴♠♠✷✳ ❚❡st♦✈❛❝í ✈③♦r❦② t✈♦➦í ❜♦↔♥í st➙♥② ❦r②❝❤❧❡ ♦ r♦③♠➙r❡❝❤ ✶✸①✶✸①✶✵ ♠♠✱
✈✐③ ♦❜r✳✺✳✽ ✈❧❡✈♦ ❛ r♦③❧♦➸❡♥í ✈③♦r❦➲ ♥❛ ♣❧❛t❢♦r♠➙ ❥❡ ♥❛ st❡❥♥é♠ ♦❜rá③❦✉ ✈♣r❛✈♦✳
❱②r♦❜❡♥é ✈③♦r❦② ❜②❧② ♥❛s❦❡♥♦✈á♥② ❛ ❞á❧❡ ✈②❜r♦✉➨❡♥② ❛ ✈②❢♦❝❡♥② ♥❛ ♠✐❦r♦s❦♦♣✉✳
❖❜r✳ ✺✳✼ Pr♦❝❡s♥í ♠❛♣❛ ♥á✈❛r♦✈é❤♦ t❡st✉ s ✈②③♥❛↔❡♥ý♠✐ ♣❛r❛♠❡tr② ♣♦✉➸✐tý♠✐ ✈ t❡♥❦♦st➙♥♥é♠
t❡st✉
✺✳✹✳✷ ❱ýs❧❡❞❦②
❩❡ ③❞✐❣✐t❛❧✐③♦✈❛♥ý❝❤ ❞❛t ♥❛ s❦❡♥❡r✉ ❆t♦s ❜②❧❛ ✈②♣♦↔t❡♥❛ ♣r➲♠➙r♥á ➨í➦❦❛ st➙♥②✳
●r❛❢ ✺✳✾ ③♦❜r❛③✉❥❡ ③á✈✐s❧♦st t❧♦✉➨➫❦② st➙♥② ♥❛ ❤♦❞♥♦t➙ s❦❡♥♦✈❛❝í r②❝❤❧♦st✐ ♣r♦ r➲③♥é




❖❜r✳ ✺✳✽ ❱❧❡✈♦✿ ❱③♦r❡❦ ♣r♦ t❡♥❦♦st➙♥♥ý t❡st✳ ◆❛ ♦❜rá③❦✉ ❥❡ ③♥á③♦r♥➙♥ s♠➙r st❛✈❜② ✈③♦r❦✉ ❛
r♦✈✐♥② ❛♥❛❧②③♦✈❛♥é❤♦ ♣r➲➦❡③✉✳ ❱♣r❛✈♦✿ ❯❦á③❦❛ r♦③❧♦➸❡♥í ✈③♦r❦➲ ♥❛ ♣❧❛t❢♦r♠➙✳ ❷ís❧❛ ✉♣r♦st➦❡❞
✈③♦r❦➲ ③♥á③♦r➡✉❥í ❥❡❥✐❝❤ ♣♦➦❛❞♦✈é ↔ís❧♦
s❦❡♥♦✈❛❝í r②❝❤❧♦stí✳ Pr♦ s❦❡♥♦✈❛❝í r②❝❤❧♦st ✶✵✵✵ ♠♠✴s ❥❡ t❧♦✉➨➫❦❛ st➙♥② ✈ ❣r❛❢✉
③♦❜r❛③❡♥❛ ♣r♦ ✈ý❦♦♥ ❧❛s❡r✉ ✸✷✺✱ ✸✺✵✱ ✸✼✺ ❛ ✹✵✵❲✳ ▲③❡ ✈✐❞➙t✱ ➸❡ s r♦st♦✉❝í♠ ✈ý❦♦♥❡♠
❧❛s❡r✉ s❡ t❧♦✉➨➫❦❛ st➙♥② ③✈➙t➨✉❥❡ ♦ ✷✵ µ♠ ♠❡③✐ ✈ý❦♦♥❡♠ ✸✷✺ ✲ ✸✺✵ ❲✱ ♦ ✷✵ µ♠ ♠❡③✐
✈ý❦♦♥❡♠ ✸✺✵ ✲ ✸✼✺ ❲ ❛ ♦ ✸ µ♠ ♠❡③✐ ✈ý❦♦♥❡♠ ✸✼✺ ✲ ✹✵✵❲✳
❖❜r✳ ✺✳✾ ●r❛❢ ③á✈✐s❧♦st✐ t❧♦✉➨➫❦② st➙♥② ♥❛ s❦❡♥♦✈❛❝í r②❝❤❧♦st✐ ♣r♦ ❥❡❞♥♦t❧✐✈é ✈ý❦♦♥② ❧❛s❡r✉
➆í➦❦❛ t❡♥❦♦st➙♥♥ý❝❤ ✈③♦r❦➲ ✈②❤♦❞♥♦❝❡♥ý❝❤ ♥❛ ✈②❧❡➨t➙♥ý❝❤ ✈③♦r❝í❝❤ ❥❡ ③❛♥❡s❡♥❛
❞♦ ❣r❛❢✉ ✺✳✶✵ s♣♦❧✉ s t❧♦✉➨➫❦♦✉ st➙♥② ③ ♥❛s❦❡♥♦✈❛♥ý❝❤ ❞❛t ❛ ➨í➦❦♦✉ ♥á✈❛r➲✳ ◆❛
t♦♠t♦ ❣r❛❢✉ ❧③❡ ✈✐❞➙t ❝❡❧❦♦✈é ♣♦r♦✈♥á♥í ✈➨❡❝❤ ❤♦❞♥♦t t❧♦✉➨➫➙❦ st➙♥ ❛ ➨í➦❡❦ ♥á✈❛r➲✳
❚❧♦✉➨➫❦❛ st➙♥ ③ ✈②❜r♦✉➨❡♥ý❝❤ ✈③♦r❦➲ ❥❡ ✈❡ ✈➙t➨✐♥➙ ♣➦í♣❛❞➲ ✈➙t➨í ♥❡➸ ➨í➦❦❛ st❛♥♦✈❡♥á
✈ ♥á✈❛r♦✈é♠ t❡st✉✱ ❛❧❡ ♠❡♥➨í ♥❡➸ t❧♦✉➨➫❦❛ ③ ♥❛s❦❡♥♦✈❛♥ý❝❤ ❞❛t✳ ❱ ♣♦r♦✈♥á♥í s ➨í➦❦♦✉
♥á✈❛r➲ ❥❡ t❧♦✉➨➫❦❛ st➙♥ ③ ♥❛s❦❡♥♦✈❛♥ý❝❤ ❞❛t ♥❡❥✈í❝❡ ♦❞❝❤ý❧❡♥á ♦ ✶✷✱✺ ✪✱ ♥❡❥♠é♥➙ ♦




❞❛t ❥❡ t❧♦✉➨➫❦❛ st➙♥ ③ ✈ý❜r✉s✉ ♥❡❥✈í❝❡ ♦❞❝❤ý❧❡♥á ♦ ✶✷ ✪✱ ♥❡❥♠é♥➙ ♦ ✷✱✺ ✪ ❛ ♣r➲♠➙r♥➙
❥❡ ♦ ✻ ✪ ♠❡♥➨í✳
❖❜r✳ ✺✳✶✵ ●r❛❢ ♣♦r♦✈♥á♥í t❧♦✉➨t➙❦ st➙♥ ③ ♥❛s❦❡♥♦✈❛♥ý❝❤ ❞❛t ❛ ✈ý❜r✉s➲ s ➨í➦❦♦✉ ♥á✈❛r➲ ♣r♦ ❥❡❞♥♦t✲
❧✐✈é ♣r♦❝❡s♥í ♣❛r❛♠❡tr②
❩ ♥❛s❦❡♥♦✈❛♥ý❝❤ ❞❛t st➙♥ ❜②❧ ✈②t✈♦➦❡♥ ❣r❛❢ ✺✳✶✶ ③á✈✐s❧♦st✐ ✈st✉♣♥í ❡♥❡r❣✐❡ ❞♦
♣r♦❝❡s✉ ♥❛ s♠➙r♦❞❛t♥é ♦❞❝❤②❧❝❡ t❧♦✉➨t❦② st➙♥ ♣r♦ ✈ý❦♦♥② ✸✺✵ ❛ ✸✼✺ ❲✳ ❩ ❣r❛❢✉ ❧③❡
✈✐❞➙t✱ ➸❡ s r♦st♦✉❝í s♠➙r♦❞❛t♥♦✉ ♦❞❝❤②❧❦♦✉ s❡ ③✈➙t➨✉❥❡ ❡♥❡r❣✐❡ ✈st✉♣✉❥í❝í ❞♦ ♣r♦❝❡s✉✳
❚❡♥t♦ tr❡♥❞ ♣❧❛tí ♣r♦ ✈➨❡❝❤♥② ❤♦❞♥♦t② ❛➸ ♥❛ ❜♦❞ s ❤♦❞♥♦t♦✉ ✈st✉♣♥í ❡♥❡r❣✐❡ ✼✱✼✽
❏✴♠♠✷✳





❱ rá♠❝✐ t❡♥❦♦st➙♥♥é❤♦ t❡st✉ ❜②❧♦ ✈②r♦❜❡♥♦ ❞❡s❡t ✈③♦r❦➲ ♥❡❥✈❤♦❞♥➙❥➨í❝❤ ❦♦♠❜✐✲
♥❛❝í ♣r♦❝❡s♥í❝❤ ♣❛r❛♠❡tr➲ ✈②❤♦❞♥♦❝❡♥ý❝❤ ♥❛ ③á❦❧❛❞➙ ✈ýs❧❡❞❦➲ ③ ♥á✈❛r♦✈é❤♦ t❡st✉✳
❚r❡♥❞ ❦❧❡s❛❥í❝í❤♦ r♦③♠➙r✉ ➨í➦❦② s r♦st♦✉❝í s❦❡♥♦✈❛❝í r②❝❤❧♦stí ③ ♥á✈❛r♦✈é❤♦ t❡st✉
s❡ ♣♦t✈r❞✐❧ ✐ ♣➦✐ st❛✈❜➙ t❡♥❦ý❝❤ st➙♥✳ ❚✉t♦ ③á✈✐s❧♦st ❧③❡ ✈✐❞➙t ✈ ❣r❛❢✉ ✺✳✾✳ ❉➲✈♦❞
❦❧❡s❛❥í❝í t❧♦✉➨➫❦② ❥❡ st❡❥♥ý ❥❛❦♦ ✈ ♥á✈❛r♦✈é♠ t❡st✉✱ ❦❞❡ ❜②❧ t❡♥t♦ tr❡♥❞ ③❛♣➦í↔✐♥➙♥
❦❧❡s❛❥í❝í ❤♦❞♥♦t♦✉ ❡♥❡r❣✐❡ ✈st✉♣✉❥í❝í ❞♦ ♣r♦❝❡s✉✳ P➦✐ ❦♦♥st❛♥t♥í ❤♦❞♥♦t➙ s❦❡♥♦✈❛❝í
r②❝❤❧♦st✐ ✶✵✵✵ ♠♠✴s ❛ r♦st♦✉❝í♠ ✈ý❦♦♥✉ ❧❛s❡r✉ ❧③❡ ✈❡ st❡❥♥é♠ ❣r❛❢✉ ✈✐❞➙t ♥ár➲st
t❧♦✉➨➫❦② st➙♥②✳ Pr♦ ✈ý❦♦♥ ✸✷✺ ✲ ✸✺✵ ❲ ❛ ✈ý❦♦♥ ✸✺✵ ✲ ✸✼✺ ❲ ❥❡ ♥ár➲st ➨í➦❦② ❦♦♥st❛t♥í
♦♣r♦t✐ ♥ár➲st✉ ♠❡③✐ ✈ý❦♦♥② ✸✼✺ ✲ ✹✵✵ ❲✳ ❚❡♥t♦ ❢❛❦t ♠➲➸❡ ❜ýt ③♣➲s♦❜❡♥ ③♠➙♥♦✉
✈❡❦t♦r✉ t✉❤♥✉tí ❧á③♥➙ ♣➦✐ ③♠➙♥➙ ♣r♦❝❡s♥í❝❤ ♣❛r❛♠❡tr➲ ❛ ✈❧✐✈ ✈➙t➨í❤♦ ✈ý❦♦♥✉ s❡ ♠➲➸❡
♣r♦❥❡✈✐t ✈ ❥✐♥é♠ r♦③♠➙r✉ ♥á✈❛r✉ ♥❡➸ ✈ ❥❡❤♦ ➨í➦❝❡✳
❱ ❣r❛❢✉ ✺✳✶✵ ❥❡ ③♦❜r❛③❡♥♦ ♣♦r♦✈♥á♥í t❧♦✉➨t➙❦ st➙♥ ✈②❤♦❞♥♦❝❡♥ý❝❤ ③ ♥❛s❦❡♥♦✲
✈❛♥ý❝❤ ❞❛t✱ ✈②❜r♦✉➨❡♥ý❝❤ ✈③♦r❦➲ ❛ ➨í➦❡❦ ♥á✈❛r➲ ③ ♥á✈❛r♦✈é❤♦ t❡st✉✳ ◆❡❥♠❡♥➨í❝❤
❤♦❞♥♦t ❞♦s❛❤✉❥í ➨í➦❦② ♥á✈❛r➲✳ ❚❡♥t♦ ❢❛❦t ❥❡ ③♣➲s♦❜❡♥ ✈➙t➨í♠ ♦❞✈♦❞❡♠ t❡♣❧❛ ♣➦✐ ♥❛✲
✈❛➦♦✈á♥í ❧✐♥✐♦✈é❤♦ ♥á✈❛r✉ ♥❛ ♣♦❞❦❧❛❞♦✈♦✉ ❦♦st❦✉ ♥❡➸ ✉ st❛✈❜② t❡♥❦é st➙♥②✳ ❩ t♦❤♦
❞➲✈♦❞✉ s❡ ♣➦✐ ♥❛✈❛➦❡♥í ❧✐♥✐♦✈é❤♦ ♥á✈❛r✉ r♦③t❛✈í ♠❡♥➨í ♠♥♦➸st✈í ♣rá➨❦✉✱ ❦t❡ré t✈♦➦í
✈ýs❧❡❞♥ý ♥á✈❛r✳ ❘♦③❞í❧ ♥❛♠➙➦❡♥ý❝❤ t❧♦✉➨t➙❦ st➙♥ ③ ♥❛s❦❡♥♦✈❛♥ý❝❤ ❞❛t ❛ ③ ❤♦❞♥♦t
③♠➙➦❡♥ý❝❤ ♥❛ ✈ý❜r✉s✉ ♣♦❞ ♠✐❦r♦s❦♦♣❡♠ ❥❡ ♣r❛✈❞➙♣♦❞♦❜♥➙ ③♣➲s♦❜❡♥ r♦③❞í❧♥♦stí
♦❜♦✉ ♠➙➦í❝í❝❤ ♠❡t♦❞✳ Pr♦ ✈ý♣♦↔❡t t❧♦✉➨➫❦② ❥❡❞♥é st➙♥② ③ ♥❛s❦❡♥♦✈❛♥ý❝❤ ❞❛t ❥❡
♣♦✉➸✐t♦ ♣r➲♠➙r♥➙ ✶✾✵ ❜♦❞➲ ♣♦ ❝❡❧é ♣❧♦➨❡ st➙♥②✱ ❦❞❡➸t♦ ♣r♦ ✈ý♣♦↔❡t ➨í➦❦② ③ ✈②❜r♦✉✲
➨❡♥ý❝❤ ✈③♦r❦➲ ❥❡ ♥❛♠➙➦❡♥♦ ✶✻ ❤♦❞♥♦t ③ ✈ý❜r✉s✉✱ ❦t❡rý r❡♣r❡③❡♥t✉❥❡ ❥❡❞♥✉ r♦✈✐♥✉
✈ ♣➦í↔♥é♠ ♣r➲➦❡③✉ st➙♥②✳ ■ ♣➦❡s t❡♥t♦ r♦③❞í❧ ❤♦❞♥♦t t❧♦✉➨➫❡❦ ❧③❡ ❥❡❞♥♦③♥❛↔♥➙ ✈✐❞➙t
♥ár➲st ➨í➦❦② ♥á✈❛r✉ ♣➦✐ st❛✈❜➙ t❡♥❦é st➙♥② ♦♣r♦t✐ ❥❡❞♥♦t❧✐✈é♠✉ ♥á✈❛r✉✳
Pr♦ ❦❛➸❞♦✉ st➙♥✉✱ ❦t❡ré ♦❞♣♦✈í❞á ❥❡❞♥❛ ❦♦♠❜✐♥❛❝❡ ♣r♦❝❡s♥í❝❤ ♣❛r❛♠❡tr➲✱ ❜②❧❛
✈②♣♦↔ítá♥❛ ❤♦❞♥♦t❛ s♠➙r♦❞❛t♥é ♦❞❝❤②❧❦② ❦ ❥❡❥í t❧♦✉➨➫❝❡✳ ❇②❧♦ ③❥✐➨t➙♥♦✱ ➸❡ s r♦st♦✉❝í
✈st✉♣♥í ❡♥❡r❣✐í ❞♦ ♣r♦❝❡s✉ r♦st❡ ❤♦❞♥♦t❛ s♠➙r♦❞❛t♥é ♦❞❝❤②❧❦②✱ ✈✐③ ❣r❛❢ ✺✳✶✶✳ ❘♦s✲
t♦✉❝í s♠➙r♦❞❛t♥á ♦❞❝❤②❧❦❛ ♥❛③♥❛↔✉❥❡ ❦❧❡s❛❥í❝í r♦③♠➙r♦✈♦✉ st❛❜✐❧✐t✉ t❧♦✉➨➫❦② st➙♥②
❛ t✉❞í➸ ♠❡♥➨í r♦③♠➙r♦✈♦✉ st❛❜✐❧✐t✉ ❥❡❞♥♦t❧✐✈ý❝❤ ♥á✈❛r➲✳ Pr♦ ♥❛❞❝❤á③❡❥í❝í ♦❜❥❡♠♦✈ý
t❡st ❜②❧② ♣r♦t♦ ✈②❜rá♥② ❞✈➙ ❦♦♠❜✐♥❛❝❡ ♣r♦❝❡s♥í❝❤ ♣❛r❛♠❡tr➲✱ ♣r♦ ✈ý❦♦♥ ✸✺✵ ❛ ✸✼✺
❲✱ s ♥❡❥♥✐➸➨í s♠➙r♦❞❛t♥♦✉ ♦❞❝❤②❧❦♦✉✳ ❚②t♦ ❤♦❞♥♦t② ❥s♦✉ ✈ ❣r❛❢✉ ③❛❦r♦✉➸❦♦✈á♥②✳
❏❡❥✐❝❤ ♣♦❞r♦❜♥á s♣❡❝✐✜❦❛❝❡ ❥❡ ✈ t❛❜✉❧❝❡ ✺✳✹✳ ◆❛ ♦❜rá③❦✉ ✺✳✶✷ ❥s♦✉ ✉❦á③❦② ✈②❜r♦✉✲
➨❡♥ý❝❤ ✈③♦r❦➲ st➙♥ ♣r♦ ♣❛r❛♠❡tr② ③ t❛❜✉❧❦② ③♠í♥➙♥é ✈ý➨❡✳




❖❜r✳ ✺✳✶✷ ❯❦á③❦❛ ✈②❜r♦✉➨❡♥ý❝❤ ♣r➲➦❡③➲ t❡♥❦ý❝❤ st➙♥✳ ✶ ✲ ✸✺✵ ❲✱ ✶✶✵✵ ♠♠✴s❀ ✷ ✲ ✸✺✵ ❲✱ ✶✷✵✵
♠♠✴s❀ ✸ ✲ ✸✼✺ ❲✱ ✶✷✵✵ ♠♠✴s❀ ✹ ✲ ✸✼✺ ❲✱ ✶✸✵✵ ♠♠✴s
✺✳✺ ❖❜❥❡♠♦✈ý t❡st ■
✺✳✺✳✶ P➦í♣r❛✈❛ t❡st✉
❈í❧❡♠ ♦❜❥❡♠♦✈é❤♦ t❡st✉ ■ ❥❡ ♣r♦③❦♦✉♠❛t ❝❤♦✈á♥í ♥❡❥st❛❜✐❧♥➙❥➨í❝❤ ❦♦♠❜✐♥❛❝í ♣r♦✲
❝❡s♥í❝❤ ♣❛r❛♠❡tr➲ ✭✈✐③ t❛❜✉❧❦❛ ✺✳✹✮ ③ t❡♥❦♦st➙♥♥é❤♦ t❡st✉ ✈ ♦❜❥❡♠♦✈ý❝❤ ✈③♦r❝í❝❤✳
❑ ♣r♦❝❡s♥í♠ ♣❛r❛♠❡tr➲♠ ✈ý❦♦♥✉ ❛ r②❝❤❧♦st✐ s❦❡♥♦✈á♥í ❧❛s❡r✉ ❜②❧ ♣➦✐❞á♥ ♣❛r❛♠❡tr
➨r❛❢♦✈❛❝í ✈③❞á❧❡♥♦st✐✱ ❦t❡rý ✉r↔✉❥❡ ✈③❞á❧❡♥♦st ❥❡❞♥♦t❧✐✈ý❝❤ ❞r❛❤ ❧❛s❡r✉✳ Pr♦ ❦❛➸❞♦✉
❦♦♠❜✐♥❛❝✐ ♣r♦❝❡s♥í❝❤ ♣❛r❛♠❡tr➲ ❜②❧❛ ♥❛ ③á❦❧❛❞➙ ➨í➦❦② st➙♥② ③ t❡♥❦♦st➙♥♥é❤♦ t❡st✉
✈②♣♦↔ítá♥❛ ➨r❛❢♦✈❛❝í ✈③❞á❧❡♥♦st ♣r♦ ❥❡❞♥♦t❧✐✈é ♣r♦❝❡♥t✉á❧♥í ♣➦❡s❛❤② ♥á✈❛r➲✳ ❙❝❤é✲
♠❛t✐❝❦é ③♥á③♦r♥➙♥í ♣➦❡s❛❤✉ ❞r❛❤ ❧❛s❡r✉ ❥❡ ♥❛ ♦❜rá③❦✉ ✺✳✶✸ ❛ ✈③♦r❡❝ ♣r♦ ✈ý♣♦↔❡t
♣➦❡s❛❤✉ ❞r❛❤ ❥❡ ✈✐③ ✺✳✶✳
❇②❧② ♥❛✈r❤♥✉t② ✈③♦r❦② ♦ r♦③♠➙r❡❝❤ ✺①✺①✶✵ ♠♠ ❛ ♥❛st❛✈❡♥❛ r♦t❛❝❡ ✈rst❡✈ ♥❛
✵➦ ✈✐③ ♦❜r✳ ✺✳✶✹✳ ❚í♠t♦ ♥❛st❛✈❡♥í♠ ❞♦❝í❧í♠❡ t♦❤♦✱ ➸❡ ♥á✈❛r② ❜✉❞♦✉ ✈ ❦❛➸❞é ✈rst✈➙
♥❛ stá❧❡ st❡❥♥é♠ ♠íst➙✱ ❛ ❜✉❞❡ t❛❦ ♠♦➸♥é s❧❡❞♦✈❛t ✈③á❥❡♠♥é s♣♦❥❡♥í ♥á✈❛r➲✱ t✈♦r❜✉




❦♦♠❜✐♥❛❝✐ ♣r♦❝❡s♥í❝❤ ♣❛r❛♠❡tr➲ ❜✉❞❡ ✈②r♦❜❡♥♦ ✶✸ ✈③♦r❦➲ s ❤♦❞♥♦t❛♠✐ ♣➦❡s❛❤✉
❞r❛❤ ✷✵ ✲ ✽✵ ✪✳
❱③♦r❦② ❜✉❞♦✉ ♥ás❧❡❞♥➙ ♥❛❧❡♣tá♥② ❛ ❜✉❞❡ ✈②❤♦❞♥♦❝❡♥❛ ➨í➦❦❛ ✈③♥✐❦❧ý❝❤ ♥á✈❛r➲ ✈
♦❜❥❡♠✉ ❛ ③♠➙➦❡♥❛ ♠✐❦r♦t✈r❞♦st ♣r♦ ✈②❜r❛♥é ✈③♦r❦②✳
❖❜r✳ ✺✳✶✸ ❯❦á③❦❛ ♣➦❡s❛❤✉ ♥á✈❛r✉ ♦ ➨í➦❝❡ ✷✽✺ µ♠ ♣➦✐ ✷✵✪ ❛ ✽✵✪ ♣➦❡s❛❤✉✳ ➆r❛❢♦✈❛❝í ✈③❞á✲





S❴v µ♠ ➆r❛❢♦✈❛❝í ✈③❞á❧❡♥♦st
S❴n µ♠ ➆í➦❦❛ ♥á✈❛r✉
p❴p❴d ✪ Pr♦❝❡♥t✉á❧♥í ♣➦❡s❛❤ ❞r❛❤
❖❜r✳ ✺✳✶✹ ❱❧❡✈♦✿ ❱③♦r❡❦ ♣r♦ ♦❜❥❡♠♦✈ý t❡st ■✳ ◆❛ ♦❜rá③❦✉ ❥❡ ③♥á③♦r♥➙♥❛ ♥❡♠➙♥♥á ♦r✐❡♥t❛❝❡ ❞r❛❤
❧❛s❡r✉✱ s♠➙r st❛✈❜② ✈③♦r❦✉ ❛ r♦✈✐♥❛ ❛♥❛❧②③♦✈❛♥é❤♦ ♣r➲➦❡③✉✳ ❱♣r❛✈♦✿ ❯❦á③❦❛ r♦③❧♦➸❡♥í ✈③♦r❦➲ ♥❛
♣❧❛t❢♦r♠➙✳ ❷ís❧❛ ✈❡❞❧❡ ✈③♦r❦➲ ③♥á③♦r➡✉❥í ♣r♦❝❡♥t✉á❧♥í ♣➦❡s❛❤ ➨r❛❢♦✈❛❝í❝❤ ❞r❛❤
❱ rá♠❝✐ ♦❜❥❡♠♦✈é❤♦ t❡st✉ ■ ♣r♦❜➙❤❧ ✐ t❡st ♣r♦ ③✈♦❧❡♥í ✈❤♦❞♥é s❦❡♥♦✈❛❝í str❛t❡❣✐❡✳
❱ ♣r♦❣r❛♠✉ ▼❛❣✐❝s ♣r♦ ♣➦í♣r❛✈✉ ❞❛t ❥❡ ♠♦➸♥♦st ♣♦✉➸ít ♣r♦ ➨r❛❢♦✈á♥í ♦❜❥❡♠✉ ❧❛s❡✲
r❡♠ s❦❡♥♦✈❛❝í str❛t❡❣✐✐ ✧str✐♣❡✧♥❡❜♦ ✧❝❤❡ss ❜♦❛r❞✧✳ ❙❝❤é♠❛ s❦❡♥♦✈❛❝í❝❤ str❛t❡❣✐í ❥❡
♥❛ ♦❜rá③❦✉ ✺✳✶✺✳ ❇②❧♦ ♣♦st❛✈❡♥♦ ❞❡s❡t ✈③♦r❦➲ s❡ str❛t❡❣✐í ✧str✐♣❡✧❛ ❞❡s❡t ✈③♦r❦➲ s❡




♦✛s❡t✧✭♣r♦ str❛t❡❣✐✐ ✧str✐♣❡✧✮ ❛ ✧✜❡❧❞ ♦✛s❡t✧✭♣r♦ str❛t❡❣✐✐ ✧❝❤❡ss ❜♦❛r❞✧✮✱ ❦t❡rý ✉r✲
↔✉❥❡ ✈③❞á❧❡♥♦st ♠❡③✐ ❥❡❞♥♦t❧✐✈ý♠✐ ➨r❛❢♦✈❛❝í♠✐ ♣♦❧✐✳ ❱❡❧✐❦♦st ➨r❛❢♦✈❛❝í❝❤ ♣♦❧í ❜②❧❛
♥❛st❛✈❡♥❛ ♥❛ ✺ ♠♠✳ ❘♦③❧♦➸❡♥í ✈③♦r❦➲ ♥❛ ♣❧❛t❢♦r♠➙ ❛ t❛❜✉❧❦❛ ❤♦❞♥♦t ❥❡❞♥♦t❧✐✈ý❝❤
♣➦❡s❛❤➲ ➨r❛❢♦✈❛❝í❝❤ ♣♦❧í ❥❡ ♥❛ ♦❜rá③❦✉ ✺✳✶✻✳
❖❜r✳ ✺✳✶✺ ❙❝❤é♠❛t✐❝❦á ✉❦á③❦❛ s❦❡♥♦✈❛❝í str❛t❡❣✐❡ ✧str✐♣❡✧✭✈❧❡✈♦✮ ❛ s❦❡♥♦✈❛❝í str❛t❡❣✐❡ ✧❝❤❡ss ❜♦✲
❛r❞✧✭✈♣r❛✈♦✮
❖❜r✳ ✺✳✶✻ ❱❧❡✈♦✿ ❚❛❜✉❧❦❛ s ❤♦❞♥♦t❛♠✐ ✈③❞á❧❡♥♦stí ➨r❛❢♦✈❛❝í❝❤ ♣♦❧í ♣r♦ ❥❡❞♥♦t❧✐✈é ✈③♦r❦② ❱♣r❛✈♦✿
❘♦③❧♦➸❡♥í ✈③♦r❦➲ ♥❛ ♣❧❛t❢♦r♠➙ ♣r♦ t❡st str❛t❡❣✐í✳ ❍♦❞♥♦t❛ ✉♣r♦st➦❡❞ ✈③♦r❦✉ ♦③♥❛↔✉❥❡ ❥❡❤♦ ♣♦➦❛❞♦✈é
↔ís❧♦
✺✳✺✳✷ ❱ýs❧❡❞❦②
❩ ✈②❜r♦✉➨❡♥ý❝❤ ♣➦í↔♥ý❝❤ ➦❡③➲ ✈③♦r❦➲ ❜②❧❛ ❛♥❛❧②③♦✈á♥❛ ♣♦r♦③✐t❛ ✈ ♦❜❥❡♠✉ ✈③♦r❦✉✳
●r❛❢ ✺✳✶✼ ③♦❜r❛③✉❥❡ ③á✈✐s❧♦st ♣r♦❝❡♥t✉á❧♥í ♣♦r♦③✐t② ✈③♦r❦➲ ✈ ③á✈✐s❧♦st✐ ♥❛ ♣r♦❝❡♥✲
t✉á❧♥í♠ ♣➦❡s❛❤✉ ➨r❛❢♦✈❛❝í❝❤ ❞r❛❤✳ ❩ ❣r❛❢✉ ❧③❡ ✈✐❞➙t tr❡♥❞ ❦❧❡s❛❥í❝í ♣♦r♦③✐t② ✈③♦r❦➲
s r♦st♦✉❝í♠ ♣➦❡s❛❤❡♠ ➨r❛❢♦✈❛❝í❝❤ ❞r❛❤ ❧❛s❡r✉✳ ❱ ❣r❛❢✉ ♥❡♥í ③♦❜r❛③❡♥❛ ♣♦r♦③✐t❛ ♣r♦




♣r♦ ❦t❡ré ♥❡♠➙❧♦ s♠②s❧ ♣♦r♦③✐t✉ ✈②❤♦❞♥♦❝♦✈❛t✳ ❖❜rá③❡❦ ✺✳✶✽ ③♦❜r❛③✉❥❡ ✈②❜r♦✉➨❡♥é
♣r➲➦❡③② ❥❡❞♥♦t❧✐✈ý❝❤ ✈③♦r❦➲ s ♣➦ís❧✉➨♥♦✉ ❤♦❞♥♦t♦✉ ❥❡❥✐❝❤ ♣➦❡s❛❤✉ ➨r❛❢♦✈❛♥ý❝❤ ❞r❛❤✳
❖❜r✳ ✺✳✶✼ ●r❛❢ ③á✈✐s❧♦st✐ ♣♦r♦③✐t② ♥❛ ♣r♦❝❡♥t✉á❧♥í♠ ♣➦❡s❛❤✉ ➨r❛❢♦✈❛❝í❝❤ ❞r❛❤ ♣r♦ ♣r♦❝❡s♥í ♣❛r❛✲
♠❡tr② ✈ý❦♦♥✉ ❧❛s❡r✉ ✸✼✺ ❲ ❛ r②❝❤❧♦st✐ s❦❡♥♦✈á♥í ❧❛s❡r✉ ✶✸✵✵ ♠♠✴s
❱②❜r♦✉➨❡♥é ♣➦í↔♥é ➦❡③② ❜②❧② ♥❛❧❡♣tá♥② ❛ ❜②❧❛ ③♠➙➦❡♥❛ ➨í➦❦❛ ❥❡❞♥♦t❧✐✈ý❝❤ ♥á✲
✈❛r➲ ✈ ♦❜❥❡♠✉✳ ❖❜rá③❡❦ ✺✳✶✾ ③♦❜r❛③✉❥❡ ♥❛❧❡♣t❛♥ý ✈③♦r❡❦ s ❜❧✐➸➨í♠ ♣♦❤❧❡❞❡♠ ♥❛
♠✐❦r♦str✉❦t✉r✉✱ ③ ❦t❡ré ❜②❧♦ ♠➙➦❡♥í ♣r♦✈á❞➙♥♦✳ ❱➨❡❝❤♥② ❤♦❞♥♦t② ➨í➦❡❦ ♥á✈❛r➲ ❜②❧②
♣r♦ ❦❛➸❞ý ✈③♦r❡❦ ③♣r➲♠➙r♦✈á♥② ❛ ③❛♥❡s❡♥② ❞♦ ❣r❛❢✉ ✺✳✷✵ ③♦❜r❛③✉❥í❝í ➨í➦❦✉ ♥á✈❛r✉
✈ ③á✈✐s❧♦st✐ ♥❛ ♣r♦❝❡♥t✉á❧♥í♠ ♣➦❡s❛❤✉ ➨r❛❢♦✈❛❝í❝❤ ❞r❛❤✳ ❩ ❣r❛❢✉ ❥❡ ③➦❡❥♠á ❦❧❡s❛❥í❝í
③á✈✐s❧♦st ➨í➦❦② ♥á✈❛r➲ ♥❛ r♦st♦✉❝í♠ ♣r♦❝❡♥t✉á❧♥í♠ ♣➦❡s❛❤✉ ➨r❛❢♦✈❛❝í❝❤ ❞r❛❤✳ ●r❛❢
❜②❧ ♣r♦❧♦➸❡♥ ❡①♣♦♥❡♥❝✐á❧♥í s♣♦❥♥✐❝í tr❡♥❞✉ ❛ ♥❛ ③á❦❧❛❞➙ ❛♣r♦①✐♠❛❝❡ ❤♦❞♥♦t ➨í➦❡❦
♥á✈❛r➲ ❜②❧ ✉r↔❡♥ ♣r➲♠➙r♥ý ♣r♦❝❡♥t✉á❧♥í ♣♦❦❧❡s ➨í➦❦② ♥á✈❛r✉ ♣r♦ ❞❛♥♦✉ ❦♦♠❜✐♥❛❝✐
♣r♦❝❡s♥í❝❤ ♣❛r❛♠❡tr➲✳ Pr♦ ✈ý❦♦♥ ✸✼✺ ❲ ❛ r②❝❤❧♦st ❧❛s❡r✉ ✶✸✵✵ ♠♠✴s ↔✐♥í ♣r➲♠➙r♥ý
♣♦❦❧❡s ➨í➦❦② ♥á✈❛r✉ ✸✱✽✷ ✪ ♣r♦ ❦❛➸❞ý ✈③r➲st ♣➦❡s❛❤✉ ➨r❛❢♦✈❛❝í❝❤ ❞r❛❤ ♦ ✺ ✪✳ Pr♦
✈ý❦♦♥ ✸✼✺ ❲ ❛ r②❝❤❧♦st ❧❛s❡r✉ ✶✷✵✵ ♠♠✴s ✹✱✷✶ ✪✱ ♣r♦ ✈ý❦♦♥ ✸✺✵ ❲ ❛ r②❝❤❧♦st ❧❛s❡r✉
✶✷✵✵ ♠♠✴s ✷✱✸✼ ✪ ❛ ♣r♦ ✈ý❦♦♥ ✸✺✵ ❲ ❛ r②❝❤❧♦st ❧❛s❡r✉ ✶✶✵✵ ♠♠✴s ✸✱✵✺ ✪✳
❯ ✈②❜r❛♥ý❝❤ ✈③♦r❦➲ ❜②❧❛ ♥❛♠➙➦❡♥❛ ♠✐❦r♦t✈r❞♦st✳ ●r❛❢ ✺✳✷✶ ③♦❜r❛③✉❥❡ ❤♦❞♥♦t✉
♠✐❦r♦t✈r❞♦st✐ ♣r♦ r➲③♥é ❤♦❞♥♦t② ♣➦❡s❛❤➲ ➨r❛❢♦✈❛❝í❝❤ ❞r❛❤ ❞❛♥ý❝❤ ♣r♦❝❡s♥í❝❤ ♣❛r❛✲
♠❡tr➲✳ ▲③❡ s✐ ✈➨✐♠♥♦✉t✱ ➸❡ ♥❡❥✈②➨➨í ❤♦❞♥♦t② t✈r❞♦st✐ ❜②❧♦ ❞♦s❛➸❡♥♦ ♣r♦ ♣r♦❝❡♥t✉á❧♥í
♣➦❡s❛❤ ➨r❛❢♦✈❛❝í❝❤ ❞r❛❤ ✹✵ ✪✳ Pr♦ ✈②➨➨í ❛ ♥í➸➨í ♣r♦❝❡♥t✉á❧♥í ♣➦❡s❛❤ t✈r❞♦st ❦❧❡sá✳
●r❛❢ ♣♦r♦✈♥á♥í ♣♦r♦③✐t② ♣r♦ ✈③♦r❦②✱ ♥❛ ❦t❡rý❝❤ ❜②❧❛ t❡st♦✈á♥❛ s❦❡♥♦✈❛❝í str❛✲
t❡❣✐❡ ❥❡ ♥❛ ♦❜rá③❦✉ ✺✳✷✷✳ ▲③❡ ✈✐❞➙t tr❡♥❞ r➲st✉ ❤♦❞♥♦t② ♣♦r♦③✐t② s r♦st♦✉❝í ✈③❞á❧❡✲
♥♦stí ➨r❛❢♦✈❛❝í❝❤ ♣♦❧í✳ ❱③♦r❦② s❡ str❛t❡❣✐í ✧str✐♣❡✧❞♦s❛❤✉❥í ♥✐➸➨í❝❤ ❤♦❞♥♦t ♣♦r♦③✐t②
✈ ♦❜❥❡♠✉ ✈③♦r❦✉ ♦♣r♦t✐ ✈③♦r❦➲♠ s❡ str❛t❡❣✐í ✧❝❤❡ss ❜♦❛r❞✧✳ ❱③♦r❦② s ❤♦❞♥♦t❛♠✐
✈③❞á❧❡♥♦stí ➨r❛❢♦✈❛❝í❝❤ ♣♦❧í ✲✵✱✵✻✽ ❛ ✵✱✵✶✼ ♠♠ ♥❡❜②❧② ✈②❤♦❞♥♦❝❡♥②✱ ♣r♦t♦➸❡ ❥❡❥✐❝❤
♣♦❧♦❤❛ ③♥❡♠♦➸➡♦✈❛❧❛ ✈②❢♦❝❡♥í ✈③♦r❦✉ ♣➦í♠♦ ♥❛ ♣❧❛t❢♦r♠➙✳ P➦✐ ♦❞➦❡③á♥í ✈③♦r❦➲ ❛
♦♣➙t♦✈♥é♠ ♣➦❡❜r♦✉➨❡♥í ✉➸ ❛❧❡ ✈③♦r❦② ♥❡♠♦❤❧② ❜ýt sr♦✈♥á✈á♥② s ♦st❛t♥í♠✐✱ ♣r♦t♦➸❡
❜②❧② ✈②❜r♦✉➨❡♥② ❞♦ ❥✐♥é ❤❧♦✉❜❦② ✈③♦r❦✉ ♥❡➸ ✈③♦r❦② ③❜②❧é✳




❖❜r✳ ✺✳✶✽ ❯❦á③❦❛ ✈②❜r♦✉➨❡♥ý❝❤ ♣r➲➦❡③➲ ✈③♦r❦➲ ③ ♦❜❥❡♠♦✈é❤♦ t❡st✉ ■✳ ❷ís❧♦ ✈❡ ✈③♦r❦✉ ♦③♥❛↔✉❥❡
❥❡❤♦ ♣r♦❝❡♥t✉á❧♥í ♣➦❡s❛❤ ➨r❛❢♦✈❛❝í❝❤ ❞r❛❤✳ ❷❡r✈❡♥é ♣♦❧❡ ✉✈♥✐t➦ ♣r✈♥í❤♦ ✈③♦r❦✉ ③♥á③♦r➡✉❥❡ ♦❜❧❛st
✈ý♣♦↔t✉ ♦❜❥❡♠♦✈é ♣♦r♦③✐t② ✈③♦r❦➲✳
➨r❛❢♦✈❛♥♦✉ str❛t❡❣✐í ✧str✐♣❡✧❛ ✧❝❤❡ss ❜♦❛r❞✧✳ ❖❜❛ ❞✈❛ ✈③♦r❦② ❞♦sá❤❧② ③❡ s✈é s❛❞②
♥❡❥♠❡♥➨í ♦❜❥❡♠♦✈é ♣♦r♦③✐t② ♣➦✐ ♣➦❡s❛❤✉ ➨r❛❢♦✈❛❝í❝❤ ♣♦❧í ✲✵✱✵✺✶ ♠♠✳
✺✳✺✳✸ ❩❤♦❞♥♦❝❡♥í
❖❜❥❡♠♦✈ý t❡st ■ s❧♦✉➸✐❧ ❦❡ ③❦♦✉♠á♥í ❝❤♦✈á♥í ✈②❜r❛♥ý❝❤ ♣r♦❝❡s♥í❝❤ ♣❛r❛♠❡tr➲ ③
t❡♥❦♦st➙♥♥é❤♦ t❡st✉ ♣➦✐ st❛✈❜➙ ♦❜❥❡♠♦✈ý❝❤ ❞í❧➲✳ ❇②❧♦ ♣♦st❛✈❡♥♦ ❝❡❧❦❡♠ ✺✷ ✈③♦r❦➲ ❛
✉ ❦❛➸❞é❤♦ ❜②❧ ❛♥❛❧②③♦✈á♥ ♣➦í↔♥ý ♣r➲➦❡③ ✈③♦r❦✉✱ ♣♦r♦③✐t❛ ❛ ❥❡❤♦ ✈③♥✐❦❧á ♠✐❦r♦str✉❦✲
t✉r❛✳
❱ t❡st✉ s❡ ✉❦á③❛❧♦✱ ➸❡ s r♦st♦✉❝í♠ ♣r♦❝❡♥t✉á❧♥í♠ ♣➦❡s❛❤❡♠ ➨r❛❢♦✈❛❝í❝❤ ❞r❛❤
✭❦❧❡s❛❥í❝í ✈③❞á❧❡♥♦st ➨r❛❢♦✈á♥í✮ ❦❧❡sá ♣♦r♦③✐t❛ ✈ ♦❜❥❡♠✉ ✈③♦r❦➲✱ ✈✐③ ❣r❛❢ ✺✳✶✼✳ ❚❡♥t♦
tr❡♥❞ s❡ ♣♦t✈r❞✐❧ ♣r♦ ✈➨❡❝❤♥② t❡st♦✈❛♥é ♣r♦❝❡s♥í ♣❛r❛♠❡tr②✳ ❘♦③s❛❤ ♣r♦❝❡♥t✉á❧♥í❤♦




❖❜r✳ ✺✳✶✾ ❯❦á③❦❛ ♥❛❧❡♣t❛♥é❤♦ ♣➦í↔♥é❤♦ ✈ý❜r✉s✉ ✈③♦r❦✉ ♦❜❥❡♠♦✈é❤♦ t❡st✉ ■ s ❞❡t❛✐❧♥í♠ ♣♦❤❧❡❞❡♠
♥❛ ❥❡❞♥♦t❧✐✈é ♥á✈❛r②
❖❜r✳ ✺✳✷✵ ●r❛❢ ③á✈✐s❧♦st✐ ➨í➦❡❦ ♥á✈❛r➲ ✈ ♦❜❥❡♠✉ ✈③♦r❦✉ ♥❛ ♣r♦❝❡♥t✉á❧♥í♠ ♣➦❡s❛❤✉ ➨r❛❢♦✈❛❝í❝❤ ❞r❛❤
♣r♦ ✈ý❦♦♥ ✸✼✺ ❲ ❛ r②❝❤❧♦st s❦❡♥♦✈á♥í ✶✸✵✵ ♠♠✴s✳
♥❡s♣♦❥✐t♦st♠✐ ❛➸ ♣♦ ✈③♦r❦② s ✈❡❧♠✐ ♥í③❦♦✉ ♣♦r♦③✐t♦✉✳ ❉➲✈♦❞ ♣♦❦❧❡s✉ ♣♦r♦③✐t② s
r♦st♦✉❝í♠ ♣r♦❝❡♥t✉á❧♥í♠ ♣➦❡s❛❤❡♠ ➨r❛❢♦✈❛❝í❝❤ ❞r❛❤ ❥❡ ✈ ❞♦s❛➸❡♥í ♦♣t✐♠á❧♥í ➨r❛❢♦✈❛❝í
✈③❞á❧❡♥♦st✐✱ ♣r♦ ❦t❡r♦✉ s❡ ♥á✈❛r② s♣♦❥✉❥í ❜❡③ ✈③♥✐❦✉ ♥❡❞♦❦♦♥❛❧❡ s♣♦❥❡♥ý❝❤ ♠íst ❛ ✈




❖❜r✳ ✺✳✷✶ ●r❛❢ ③♦❜r❛③✉❥í❝í ❤♦❞♥♦t② ♠✐❦r♦t✈r❞♦st✐ ✈ ③á✈✐s❧♦st✐ ♥❛ ♣r♦❝❡♥t✉á❧♥í♠ ♣➦❡s❛❤✉ ➨r❛❢♦✈❛❝í❝❤
❞r❛❤✳
❖❜r✳ ✺✳✷✷ ●r❛❢ sr♦✈♥á♥í ✈③♥✐❦❧é ♣♦r♦③✐t② ✈❡ ✈③♦r❦✉ ♣r♦ str❛t❡❣✐✐ ➨r❛❢♦✈á♥í ✧str✐♣❡✧❛ ✧❝❤❡ss ❜♦❛r❞✧✈
③á✈✐s❧♦st✐ ♥❛ ✈③❞á❧❡♥♦st✐ ♠❡③✐ ➨r❛❢♦✈❛❝í♠✐ ♣♦❧✐
♣➦❡s❛③í❝❤ ➨r❛❢♦✈❛❝í❝❤ ❞r❛❤✱ ❥❛❦ ❥❡ ③♠í♥➙♥♦ ✐ ✈ ♣r❛❝í❝❤ ❬✷✵❪ ❛ ❬✷✶❪✳ ❉➲✈♦❞❡♠ t❛❦
✈❡❧❦é ♣♦r♦③✐t② ♣r♦ ✈③♦r❦② s ♣➦❡s❛❤② ➨r❛❢♦✈❛❝í❝❤ ❞r❛❤ ✹✵ ✲ ✼✵ ✪ ❥❡ ♣r❛✈❞➙♣♦❞♦❜♥➙
❛❜s❡♥❝❡ r♦t❛❝❡ ✈rst❡✈✳ ❑✈➲❧✐ stá❧❡ st❡❥♥é ♣♦❧♦③❡ ❥❡❞♥♦t❧✐✈ý❝❤ ❞r❛❤ ❧❛s❡r✉ ♠♦❤❧♦ ❞♦❥ít
❦ t❛❦ ✈❡❧❦é♠✉ ③✈➙t➨❡♥í ♣♦r♦③✐t②✳ ◆❛❧❡♣tá♥í♠ ❛ ③♠➙➦❡♥í♠ ➨í➦❦② ❥❡❞♥♦t❧✐✈ý❝❤ ♥á✈❛r➲
❜②❧❛ ✈②t✈♦➦❡♥❛ ③á✈✐s❧♦st ➨í➦❦② ♥á✈❛r➲ ♥❛ ♣r♦❝❡♥t✉á❧♥í♠ ♣➦❡s❛❤✉ ➨r❛❢♦✈❛❝í❝❤ ❞r❛❤✱
✈✐③ ❣r❛❢ ✺✳✷✵✳ ❙ r♦st♦✉❝í♠ ♣➦❡s❛❤❡♠ ❞r❛❤ ❦❧❡sá ➨í➦❦❛ ❥❡❞♥♦t❧✐✈ý❝❤ ♥á✈❛r➲ ✈❡ ✈③♦r❦✉✳
❚❛t♦ ➨í➦❦❛ ❥❡ ❛❧❡ ❥✐♥á✱ ♥❡➸ ➨í➦❦❛ ③ ♥á✈❛r♦✈é❤♦ ❛ t❡♥❦♦st➙♥♥é❤♦ t❡st✉✱ ♣r♦t♦➸❡ ✈ ♦❜❥❡♠✉
s❡ ❥❡❞♥♦t❧✐✈é ♥á✈❛r② ♥❛✈③á❥❡♠ ♣➦❡❦rý✈❛❥í✳




❖❜r✳ ✺✳✷✸ ❙r♦✈♥á♥í ✈③♦r❦➲ ✈②r♦❜❡ý❝❤ str❛t❡❣✐í ✧str✐♣❡✧✭✈❧❡✈♦✮ ❛ str❛t❡❣✐í ✧❝❤❡ss ❜♦❛r❞✧✭✈♣r❛✈♦✮
s❡ ♣➦✐ ✈❡❧❦ý❝❤ ♣r♦❝❡♥t✉á❧♥í❝❤ ♣➦❡s❛③í❝❤ ❞r❛❤ ❞♦s❛❤✉❥❡✱ ♠➲➸❡ ❞♦❥ít ❦❡ ③♠➙♥➙ ♠✐❦✲
r♦str✉❦t✉r② ❦✈➲❧✐ ✈í❝❡♥ás♦❜♥é♠✉ t❡♣❡❧♥é♠✉ ♦✈❧✐✈♥➙♥í ❥✐➸ ✈②t✈♦➦❡♥ý❝❤ ♥á✈❛r➲✳ ❏❛❦
♣♦♣s❛❧✐ ❚❤✐❥s ❬✸✶❪✱ ❘❛♦ ❬✶✵❪ ❛ ❆❜♦✉❧❦❤❛✐r ❬✸✷❪✲ ✈ ♦♣❛❦♦✈❛♥➙ ♣➦❡t❛✈❡♥ý❝❤ ♦❜❧❛st❡❝❤✱
❦t❡ré s❡ ♥❛③ý✈❛❥í t❡♣❡❧♥➙ ♦✈❧✐✈♥➙♥á ♦❜❧❛st ✭♠íst❛ ♣➦❡s❛❤✉ ❥❡❞♥♦t❧✐✈ý❝❤ ♥á✈❛r➲✮✱ ❞♦✲
❝❤á③í ❦ ❤r✉❜♥✉tí ③r♥❛✱ ♣r❡❝✐♣✐t❛❝✐ ❦➦❡♠í❦✉ ❛ tí♠ ❦ r♦③♣❛❞✉ ❥❡♠♥♦③r♥♥é str✉❦t✉r②✳
❱③❤❧❡❞❡♠ ❦ t♦♠✉✱ ➸❡ ♣➦✐ ③✈②➨✉❥í❝í♠ s❡ ♣r♦❝❡♥t✉ ♣➦❡s❛❤✉ ➨r❛❢♦✈❛❝í❝❤ ❞r❛❤ ♠❛❥í t②t♦
t❡♣❡❧♥➙ ♦✈❧✐✈♥➙♥é ♦❜❧❛st✐ ✈➙t➨í r♦③♠➙r✱ ❜②❧❛ ♣r♦ r➲③♥é ♣➦❡s❛❤② ❞r❛❤ ③♠➙➦❡♥❛ t✈r❞♦st✳
❍♦❞♥♦t② t✈r❞♦st✐ ♣r♦ r➲③♥é ♣r♦❝❡♥t✉á❧♥í ♣➦❡s❛❤② ❞r❛❤ ❛ ♣♦✉➸✐té ♣r♦❝❡s♥í ♣❛r❛♠❡tr②
❥s♦✉ ✈ ❣r❛❢✉ ✺✳✷✶✳ ◆❡❥✈➙t➨í ❤♦❞♥♦t② t✈r❞♦st✐ s❡ ❞♦sá❤❧♦ ♣➦✐ ♣r♦❝❡♥t✉á❧♥í♠ ♣➦❡s❛❤✉
❞r❛❤ ✹✵ ✪✳ ❙ r♦st♦✉❝í♠ ♣➦❡s❛❤❡♠ t✈r❞♦st ❦❧❡sá✳ Pr♦ ♣➦❡s❛❤ ✷✵ ✪ ❥❡ t✈r❞♦st ♥✐➸➨í ♥❡➸
♣r♦ ✹✵ ✪✱ ❛❧❡ s❦♦r♦ st❡❥♥á ♥❡❜♦ ✈②➨➨í ♥❡➸ ♣r♦ ✻✵ ❛ ✽✵✪ ♣➦❡s❛❤✳ ▲③❡ ➦í❝✐✱ ➸❡ s r♦st♦✉✲
❝í♠ ♣➦❡s❛❤❡♠ ❞r❛❤ ♦❞ ✉r↔✐té ♦♣t✐♠á❧♥í ❤♦❞♥♦t② t✈r❞♦st ❦❧❡sá ③ ❞➲✈♦❞✉ ♥❛❞♠➙r♥é❤♦
♠♥♦➸st✈í t❡♣❡❧♥➙ ♦✈❧✐✈♥➙♥ý❝❤ ♦❜❧❛stí✱ ❦t❡ré ✈③♥✐❦❛❥í ♦♣❛❦♦✈❛♥ý♠ ♣➦❡t❛✈♦✈á♥í♠ ❥✐➸
✈③♥✐❦❧ý❝❤ ♥á✈❛r➲✳
❩ ❣r❛❢✉ ✺✳✷✷ ❥❡ ✈✐❞➙t ✈❧✐✈ s❦❡♥♦✈❛❝í str❛t❡❣✐❡ ✧str✐♣❡✧♥❛ ✈ýs❧❡❞♥♦✉ ♣♦r♦③✐t✉
✈③♦r❦✉✳ ❱❡ ✈➨❡❝❤ ♣➦í♣❛❞❡❝❤ ❞♦sá❤❧② ✈③♦r❦② s❦❡♥♦✈❛♥é str❛t❡❣✐í ✧str✐♣❡✧♥✐➸➨í❝❤ ❤♦❞✲
♥♦t ♦❜❥❡♠♦✈é ♣♦r♦③✐t② ♥❡➸ ✉ ✈③♦r❦➲ s❦❡♥♦✈❛♥é str❛t❡❣✐í ✧❝❤❡ss ❜♦❛r❞✧✳ ❚♦ ❥❡ ③♣➲s♦✲
❜❡♥♦ ♣♦↔t❡♠ s♣♦❥❡♥í ➨r❛❢♦✈❛❝í❝❤ ♣♦❧í✳ ❙tr❛t❡❣✐❡ ✧❝❤❡ss ❜♦❛r❞✧❥✐❝❤ ♠á ♣➦✐ s❦❡♥♦✈á♥í
❥❡❞♥é ✈rst✈② ♠♥♦❤❡♠ ✈í❝ ♥❡➸ str❛t❡❣✐❡ ✧str✐♣❡✧✳ Prá✈➙ t❛t♦ s♣♦❥❡♥í ❥s♦✉ ❦r✐t✐❝❦á
♠íst❛✱ ❦❞❡ s❡ ♦❜❥❡✈✉❥❡ ♣♦r♦③✐t❛✱ ❥❛❦ ❥❞❡ ✈✐❞➙t ♥❛ ✈ý❜r✉s❡❝❤ ♥❛ ♦❜rá③❦✉ ✺✳✷✸✳ P♦r♦✲
③✐t❛ ❥❡ ♥❡❥✈í❝❡ s✐t✉♦✈á♥❛ ✈ ús❡↔❦á❝❤✱ ❦t❡ré ❥s♦✉ ♠íst② s♣♦❥❡♥í ❥❡❞♥♦t❧✐✈ý❝❤ ➨r❛❢♦✈❛❝í❝❤
♣♦❧í✳ Pr♦t♦ ❜②❧❛ ✈ rá♠❝✐ t❡st✉ ♠➙♥➙♥❛ ✈③❞á❧❡♥♦st ➨r❛❢♦✈❛❝í❝❤ ♣♦❧í✱ ❛❜② ❜②❧♦ ❞♦s❛✲
➸❡♥♦ ❝♦ ♥❡❥♦♣t✐♠á❧♥➙❥➨í ✈③❞á❧❡♥♦st✐ ③❛ ❝♦ ♥❡❥♠❡♥➨í❤♦ ✈③♥✐❦✉ ♣♦r♦③✐t②✳ Pr♦ ♦❜➙ ❞✈➙
str❛t❡❣✐❡ t♦ ❜②❧❛ ✈③❞á❧❡♥♦st ✲✵✱✵✺✶ ♠♠✳ ❩á♣♦r♥á ❤♦❞♥♦t❛ ✈③❞á❧❡♥♦st✐ ♦③♥❛↔✉❥❡ ♣➦❡✲
s❛❤✳ ❉í❦② ♣➦❡s❛❤✉ ❥❡❞♥♦t❧✐✈ý❝❤ ❞r❛❤ ❥❡ t❛❦ ❡❧✐♠✐♥♦✈á♥ ✈③♥✐❦ ♣♦r♦③✐t② ③♣➲s♦❜❡♥é




✺✳✻ ❖❜❥❡♠♦✈ý t❡st ■■
✺✳✻✳✶ P➦í♣r❛✈❛ t❡st➲
❖❜❥❡♠♦✈ý t❡st ■■ s❡ ③❛❜ý✈á ✜♥á❧♥í♠ ♦✈➙➦❡♥í♠ ✈③♥✐❦❧é ♣♦r♦③✐t② ♦❜❥❡♠♦✈ý❝❤
✈③♦r❦➲✳ ❩ ♣➦❡❞❝❤♦③í❤♦ ♦❜❥❡♠♦✈é❤♦ t❡st✉ ■ ✈②♣❧②♥✉❧♦✱ ➸❡ s❡ ♥❡♠á s♠②s❧ ③❛❜ý✈❛t
✈③♦r❦② s ♠❡♥➨í♠ ♣r♦❝❡♥t✉á❧♥í♠ ♣➦❡s❛❤❡♠ ❞r❛❤ ♥❡➸ ✹✵ ✪✱ ❦✈➲❧✐ ❥❡❥✐❝❤ ③❥❡✈♥ý♠ ♥❡✲
s♣♦❥✐t♦st❡♠ ♠❡③✐ ❥❡❞♥♦t❧✐✈ý♠✐ ❞r❛❤❛♠✐ ❧❛s❡r✉✳ ❱ ♦❜❥❡♠♦✈é♠ t❡st ■■ ❜✉❞♦✉ ♣r♦t♦ ✈②✲
r♦❜❡♥② ✈③♦r❦② s ♣➦❡s❛❤❡♠ ➨r❛❢♦✈❛❝í❝❤ ❞r❛❤ ✹✵✱ ✺✵✱ ✻✵✱ ✼✵ ❛ ✽✵ ✪ ♣r♦ st❡❥♥é ♣r♦❝❡s♥í
♣❛r❛♠❡tr② ♣♦✉➸✐té ✈ ♦❜❥❡♠♦✈é♠ t❡st✉ ■✳ ❇✉❞❡ t❛❦é ♣➦✐❞á♥❛ r♦t❛❝❡ ♠❡③✐ ❥❡❞♥♦t❧✐✈ý♠✐
✈rst✈❛♠✐ ♦ ✻✼➦ ❛ ♣➦❡s ❝❡❧ý ✈③♦r❡❦ ❜✉❞❡ ❥❡❞♥♦ ➨r❛❢♦✈❛❝í ♣♦❧❡✱ ❛❜② ❜②❧ ❡❧✐♠✐♥♦✈á♥ ✈③♥✐❦
♣ór➲ ♠❡③✐ s♣♦❥❡♥í♠✐ ❥❡❞♥♦t❧✐✈ý❝❤ ♣♦❧í✳ ❇✉❞❡ ♣♦✉➸✐t❛ s❦❡♥♦✈❛❝í str❛t❡❣✐❡ ✧str✐♣❡✧✳
❇②❧② ♥❛✈r❤♥✉t② ♦❜❥❡♠♦✈é ✈③♦r❦② ♦ r♦③♠➙r❡❝❤ ✶✸①✶✸①✻ ♠♠✱ ❦t❡ré ❧é♣❡ s✐♠✉✲
❧✉❥í st❛✈❜✉ r❡á❧♥ý❝❤ ♦❜❥❡♠♦✈ý❝❤ ❞í❧➲✳ ❘♦③❧♦➸❡♥í ✈③♦r❦➲ ♥❛ ♣❧❛t❢♦r♠➙ ❜✉❞❡ ♣r♦ ❝♦
♥❡❥✈➙t➨í ♣♦r♦✈♥❛t❡❧♥♦st ✉♣r♦st➦❡❞ ♣❧❛t❢♦r♠②✱ ♣r♦t♦➸❡ s r♦③❞í❧♥♦✉ ♣♦❧♦❤♦✉ ❞í❧✉ ♥❛
♣❧❛t❢♦r♠➙ ♠➲➸❡ ❞♦❝❤á③❡t ❦ ♥❡♣❛tr♥ý♠ r♦③❞í❧➲♠ ♠❡③✐ ✈③♦r❦②✳ ❚♦ ❧③❡ ♥❡❥✈í❝❡ ♣♦③♦r♦✲
✈❛t ♣r♦ ✈③♦r❦②✱ ❦t❡ré ❥s♦✉ ♥❛ ♦❦r❛❥✐ ♣❧❛t❢♦r♠②✳ ■ ❦❞②➸ ❥s♦✉ t②t♦ ♦❞❝❤②❧❦② ♠✐♥✐♠á❧♥í✱
♣r♦ ♠❛①✐♠á❧♥í ♣r➲❦❛③♥♦st ✈ýs❧❡❞❦➲ ❜✉❞♦✉ ✈③♦r❦② s✐t✉♦✈á♥② ✉♣r♦st➦❡❞ ♣❧❛t❢♦r♠②✳
❑❛➸❞ý ✈③♦r❡❦ s ✉♥✐❦át♥í♠✐ ♣r♦❝❡s♥í♠✐ ♣❛r❛♠❡tr② ❜✉❞❡ ♣♦st❛✈❡♥ ✷① ♣♦❦❛➸❞é ✈ ❥✐♥é
♣♦❧♦③❡ ♥❛ ♣❧❛t❢♦r♠➙✱ ❛❜② ♠♦❤❧♦ ❜ýt ♣♦r♦✈♥á♥♦✱ ❥❛❦ý ✈❧✐✈ ♠á ♣♦❧♦❤❛ ❞í❧✉ ♥❛ ✈ýs❧❡❞✲
♥♦✉ ♣♦r♦③✐t✉✳ ❘♦③❧♦➸❡♥í ✈③♦r❦➲ ❧③❡ ✈✐❞➙t ♥❛ ♦❜rá③❦✉ ✺✳✷✺ ✈♣r❛✈♦✳ ❷ís❧♦ ✉♣r♦st➦❡❞
✈③♦r❦➲ ③♥á③♦r➡✉❥❡ ♣r♦❝❡♥t✉á❧♥í ♣➦❡s❛❤ ➨r❛❢♦✈❛❝í❝❤ ❞r❛❤✳ ◆❛ ♦❜rá③❦✉ ✺✳✷✺ ✈❧❡✈♦ ❥❡
③♦❜r❛③❡♥ ♦❜❥❡♠♦✈ý ✈③♦r❡❦ s❡ ③♥á③♦r♥➙♥í♠ s♠➙r✉ st❛✈❜② ❛ ❛♥❛❧②③♦✈❛♥é r♦✈✐♥②✳ ◆❛
✈③♦r❝í❝❤ ❜✉❞❡ ✈②❤♦❞♥♦❝❡♥❛ ♦❜❥❡♠♦✈á ♣♦r♦③✐t❛ ❛ t✈r❞♦st✳ ❙ ♥❡❥❧❡♣➨í♠✐ ♣❛r❛♠❡tr②
❜✉❞♦✉ ♥ás❧❡❞♥➙ ♣♦st❛✈❡♥② t❛❤♦✈é ✈③♦r❦②✳
❱ rá♠❝✐ ♦❜❥❡♠♦✈é❤♦ t❡st✉ ■■ ❜②❧② ♣♦st❛✈❡♥② ✈③♦r❦② ♣r♦ ③❤♦❞♥♦❝❡♥í ❞rs♥♦st✐
♣♦✈r❝❤✉ ✈ ③á✈✐s❧♦st✐ ♥❛ ♣r♦❝❡s♥í❝❤ ♣❛r❛♠❡tr❡❝❤ ❦♦♥t✉r②✳ ❇②❧② ♥❛✈r❤♥✉t② ✈③♦r❦②
♣r♦ ❤♦❞♥♦❝❡♥í ❞rs♥♦st✐ s✈✐s❧é❤♦ ♣♦✈r❝❤✉✱ ❛❧❡ ✐ ♣♦✈r❝❤✉ ③❦♦s❡♥é❤♦ ♣♦❞ ú❤❧❡♠ ✹✺➦ ❛
✶✸✺➦✳ ❯❦á③❦❛ ✈③♦r❦➲ ❥❡ ♥❛ ♦❜rá③❦✉ ✺✳✷✹✳ ❘♦③s❛❤ ♣❛r❛♠❡tr➲ ❜②❧ ③✈♦❧❡♥ ♣r♦ ✈ý❦♦♥
♦❞ ✸✵✵ ❞♦ ✸✷✺ ❲ ❛ ♣r♦ r②❝❤❧♦st s❦❡♥♦✈á♥í ♦❞ ✶✶✵✵ ❞♦ ✶✸✵✵ ♠♠✴s✳ ❇②❧❛ s❧❡❞♦✈á♥❛
✐ ③á✈✐s❧♦st ✈❧✐✈✉ ♣♦✈r❝❤♦✈é ❞rs♥♦st✐ ♥❛ ✈st✉♣♥í ❡♥❡r❣✐✐ ♣➦✐ ➨r❛❢♦✈á♥í ♦❜❥❡♠✉✳ Pr♦
s❦❡♥♦✈á♥í ❦♦♥t✉r② ❜②❧② ♣♦✉➸✐t② ❞✈➙ ❞rá❤② ❧❛s❡r✉✱ ♣♦✉③❡ ♣r♦ ❥❡❞♥✉ s❛❞✉ ✈③♦r❦➲ ❜②❧❛
♣♦✉➸✐t❛ ❥❡❞♥❛✳
✺✳✻✳✷ ❱ýs❧❡❞❦②
●r❛❢ ✺✳✷✻ ③♦❜r❛③✉❥❡ sr♦✈♥á♥í ❤♦❞♥♦t ♣♦r♦③✐t② ♣r♦ ❥❡❞♥♦t❧✐✈é ♣r♦❝❡s♥í ♣❛r❛♠❡tr②
✈ ③á✈✐s❧♦st✐ ♥❛ ♣➦❡s❛❤✉ ➨r❛❢♦✈❛❝í❝❤ ❞r❛❤✳ ▲③❡ ✈✐❞➙t✱ ➸❡ ❤♦❞♥♦t② ♣♦r♦③✐t ♣r♦ ♣❛r❛♠❡tr②
✈ý❦♦♥✉ ✸✺✵ ❲ ❛ r②❝❤❧♦st✐ ❧❛s❡r✉ ✶✶✵✵ ♠♠✴s ❞♦s❛❤✉❥í ❛➸ ❞✈♦❥♥ás♦❜♥➙ ✈➙t➨í❝❤ ❤♦❞♥♦t
♣♦r♦③✐t② ♥❡➸ ♦st❛t♥í ✈③♦r❦②✳ ❏❡ ✈❡❧♠✐ ♥❡♣r❛✈❞➙♣♦❞♦❜♥é✱ ➸❡ ❜② t♦ ❜②❧♦ ③♣➲s♦❜❡♥♦ ♣r♦✲
❝❡s♥í♠✐ ♣❛r❛♠❡tr②✱ ❦t❡ré ❥s♦✉ ✈❡❧♠✐ ♣♦❞♦❜♥é t➙♠✱ ✉ ❦t❡rý❝❤ ❤♦❞♥♦t② ♣♦r♦③✐t② ✈②➨❧②
✈ýr❛③♥➙ ♠❡♥➨í✳ ❙t❛✈❜❛ s t➙♠✐t♦ ♣❛r❛♠❡tr② ♣r♦❜➙❤❧❛ ❥❛❦♦ ♣r✈♥í ❛ ♥❡❥♣r❛✈❞➙♣♦❞♦❜♥➙❥✲
➨í♠ ❢❛❦t♦r❡♠ ✈③♥✐❦✉ t❛❦ ✈②s♦❦é ♣♦r♦③✐t② ❥❡✱ ➸❡ ♣rá➨❡❦ ❜②❧ ♥❡❞♦st❛t❡↔♥➙ ✈②s✉➨❡♥ý✳
❯ ♦st❛t♥í❝❤ ✈③♦r❦➲ ❧③❡ ♣♦③♦r♦✈❛t ❦❧❡s❛❥í❝í t❡♥❞❡♥❝✐ ❤♦❞♥♦t ♣♦r♦③✐t② ✈➲↔✐ ♣➦❡s❛❤✉
➨r❛❢♦✈❛❝í❝❤ ❞r❛❤✳ ❯❦á③❦❛ ❥❡❞♥♦t❧✐✈ý❝❤ ✈③♦r❦➲ ❥❡ ♥❛ ♦❜rá③❦✉ ✺✳✷✼✳ ◆❡❥♠❡♥➨í ♣♦r♦③✐t②




❖❜r✳ ✺✳✷✹ ❱❧❡✈♦✿ ❱③♦r❡❦ s❡ ③❦♦s❡♥ý♠✐ ❤r❛♥❛♠✐ ♣r♦ ❤♦❞♥♦❝❡♥í s✈✐s❧é❤♦ ❛ ③❦♦s❡♥é❤♦ ♣♦✈r❝❤✉✳ ❱♣r❛✈♦✿
❱③♦r❡❦ ♣r♦ ❤♦❞♥♦❝❡♥í s✈✐s❧é❤♦ ♣♦✈r❝❤✉
❖❜r✳ ✺✳✷✺ ❱♣r❛✈♦✿ ❘♦③❧♦➸❡♥í ✈③♦r❦➲ ♥❛ ♣❧❛t❢♦r♠➙ ♣r♦ ♦❜❥❡♠♦✈ý t❡st ■■✳ ❱❧❡✈♦✿ ❱③♦r❡❦ ♣r♦ ♦❜❥❡✲
♠♦✈ý t❡st ■■✳ ◆❛ ♦❜rá③❦✉ ❥s♦✉ ③♥á③♦r♥➙♥② ❥❡❤♦ r♦③♠➙r②✱ r♦✈✐♥❛ ❛♥❛❧②③♦✈❛♥é❤♦ ➦❡③✉ ❛ s♠➙r st❛✈❜②
✸✼✺ ❲✱ r②❝❤❧♦st✐ ❧❛s❡r✉ ✶✷✵✵ ♠♠✴s ❛ ♣r♦❝❡♥t✉á❧♥í♠ ♣➦❡s❛❤❡♠ ➨r❛❢♦✈❛❝í❝❤ ❞r❛❤ ✽✵
✪✳
●r❛❢ ③♦❜r❛③✉❥í❝í ❤♦❞♥♦t② ♣♦r♦③✐t② ♣r♦ ✈ý❦♦♥ ✸✼✺ ❲ ❛ r②❝❤❧♦st ❧❛s❡r✉ ✶✷✵✵ ♠♠✴s
❥❡ ✈❧❡✈♦ ♥❛ ♦❜rá③❦✉ ↔ís❧♦ ✺✳✷✽✳ ▲③❡ s✐ ✈➨✐♠♥♦✉t ❥❡❞♥♦③♥❛↔♥➙ ❦❧❡s❛❥í❝í❝❤ ❤♦❞♥♦t ♣♦r♦✲
③✐t② s r♦st♦✉❝í♠ ♣r♦❝❡♥t✉á❧♥í♠ ♣➦❡s❛❤❡♠ ➨r❛❢♦✈❛❝í❝❤ ❞r❛❤✳ ❩ ❣r❛❢✉ ❥❡ ♠♦➸♥é ♣♦r♦✈✲
♥❛t ✈❧✐✈ ✉♠íst➙♥í ✈③♦r❦✉ ♥❛ ♣❧❛t❢♦r♠➙ ♥❛ ❥❡❤♦ ✈ýs❧❡❞♥♦✉ ♣♦r♦③✐t✉✳ ▼♦❞ré s❧♦✉♣❝❡
③♥á③♦r➡✉❥í❝í ♣♦r♦③✐t✉ ♦❞♣♦✈í❞❛❥í ✈③♦r❦➲♠ s ♠♦❞r♦✉ t❡↔❦♦✉ ♥❛ ♦❜rá③❦✉ ✈♣r❛✈♦ ❛
♦r❛♥➸♦✈é s❧♦✉♣❝❡ ♦❞♣♦✈í❞❛❥í ✈③♦r❦➲♠ s ♦r❛♥➸♦✈♦✉ t❡↔❦♦✉✳ ❏❡❞♥♦t❧✐✈é ❤♦❞♥♦t② ♣♦r♦✲
③✐t② ♣r♦ ✈③♦r❦② ♥❛ ♦❦r❛❥✐ ❥s♦✉ sr♦✈♥❛t❡❧♥é s ❤♦❞♥♦t❛♠✐ ♣♦r♦③✐t② ✈③♦r❦➲ ✉♣r♦st➦❡❞ ❛
♥❛♦♣❛❦✳
❇②❧❛ ♣r♦✈❡❞❡♥❛ r♦③♠➙r♦✈á ❛♥❛❧ý③❛ ♣ór➲ ✈②s❦②t✉❥í❝í s❡ ✈ ♦❜❥❡♠✉ ❥❡❞♥♦t❧✐✈ý❝❤
✈③♦r❦➲✳ ●r❛❢ ✺✳✷✾ ✉❦❛③✉❥❡ ♣♦↔❡t ♣ór➲ ✈ ❥❡❞♥♦t❧✐✈ý❝❤ ✈③♦r❝í❝❤✳ ❙ r♦st♦✉❝í♠ ♣r♦❝❡♥✲




❖❜r✳ ✺✳✷✻ ●r❛❢ ③♦❜r❛③✉❥í❝í sr♦✈♥á♥í ❤♦❞♥♦t ♣♦r♦③✐t② ♣r♦ ❥❡❞♥♦t❧✐✈é ♣r♦❝❡s♥í ♣❛r❛♠❡tr② ✈ ③á✈✐s❧♦t✐
♥❛ ❤♦❞♥♦t➙ ♣r♦❝❡♥t✉á❧♥í❤♦ ♣➦❡s❛❤✉ ➨r❛❢♦✈❛❝í❝❤ ❞r❛❤
❖❜r✳ ✺✳✷✼ ❯❦á③❦② ✈②❜r♦✉➨❡♥ý❝❤ ✈③♦r❦➲✳ ❷ís❧♦ ✈❡ ✈③♦r❦✉ ③♦❜r❛③✉❥❡ ♣r♦❝❡♥t✉á❧♥í ♣➦❡s❛❤ ➨r❛❢♦✈❛❝í❝❤
❞r❛❤ ✈③♦r❦✉✳ ❷❡r✈❡♥é ♦❤r❛♥✐↔❡♥í ✈ ♣r✈♥í♠ ✈③♦r❦✉ ③❧❡✈❛ ③♦❜r❛③✉❥❡ ♦❜❧❛st✱ ③ ❦t❡ré ❜②❧❛ ✈②❤♦❞♥♦❝♦✈á♥❛
♣♦r♦③✐t❛✳
♥❡❜②❧❛ ♣r♦✈❡❞❡♥❛ ♣r♦ ✈③♦r❦② ✈②r♦❜❡♥é s ♣r♦❝❡s♥í♠✐ ♣❛r❛♠❡tr② ✈ý❦♦♥✉ ❧❛s❡r✉ ✸✺✵
❲ ❛ r②❝❤❧♦st✐ ✶✶✵✵ ♠♠✴s✳
❇②❧❛ ♣r♦✈❡❞❡♥❛ ❛♥❛❧ý③❛ r♦③♠➙r♦✈é ❞✐str✐❜✉❝❡ ♣ór➲ ♣r♦ ✈③♦r❦② ✈②r♦❜❡♥é ♣r♦✲
❝❡s♥í♠✐ ♣❛r❛♠❡tr② ✈ý❦♦♥✉ ✸✼✺ ❲ ❛ ✶✷✵✵ ♠♠✴s r②❝❤❧♦st✐ ❧❛s❡r✉✳ ◆❛ ♦❜rá③❦✉ ✼✳✾
✈ ♣➦í❧♦③❡ ❥s♦✉ ③♦❜r❛③❡♥② ❣r❛❢② ③♥á③♦r➡✉❥í❝í ♣r♦❝❡♥t✉á❧♥í ♣❧♦➨♥é ③❛st♦✉♣❡♥í ❥❡❞♥♦t✲
❧✐✈ý❝❤ ✈❡❧✐❦♦stí ♣ór➲ ✈ ♦❜❥❡♠✉ ✈③♦r❦✉✳ ❩ ❣r❛❢➲ ❧③❡ ✈②♣♦③♦r♦✈❛t ♣♦st✉♣♥♦✉ ③♠➙♥✉
r♦③♠➙r♦✈é ❞✐str✐❜✉❝❡ ♣ór➲ s r♦st♦✉❝í♠ ♣r♦❝❡♥t✉á❧♥í♠ ♣➦❡s❛❤❡♠ ➨r❛❢♦✈❛❝í❝❤ ❞r❛❤✳
❱③♦r❦② s ♣➦❡s❛❤❡♠ ❞r❛❤ ✹✵ ❛ ✺✵ ✪ ♠❛❥í ✈❡ s✈é♠ ♦❜❥❡♠✉ ❞♦♠✐♥❛♥t♥➙ ③❛st♦✉♣❡♥②
♣ór② ♦ ✈❡❧✐❦♦st✐ ✶✵ ✲ ✹✵ µ♠✳ ❯ ✈③♦r❦✉ s ♣➦❡s❛❤❡♠ ❞r❛❤ ✻✵ ✪ s❡ t❛t♦ ♦❜❧❛st ③ú➸✐❧❛ ♥❛
r♦③s❛❤ ✈❡❧✐❦♦st✐ ♣ór➲ ✶✵ ✲ ✸✵ µ♠✳ ❯ ✈③♦r❦➲ s ♣➦❡s❛❤❡♠ ❞r❛❤ ✼✵ ❛ ✽✵ ✪ s❡ ❞♦♠✐♥❛♥t♥í
♦❜❧❛stí t✈♦➦í❝í ✈❡❧❦♦✉ ↔ást ❝❡❧❦♦✈é ♣♦r♦③✐t② stá✈❛❥í ♣ór② ♦ r♦③♠➙r❡❝❤ ✶✵✵ ✲ ✶✸✵ µ♠✱
♣r♦ ♣➦❡s❛❤ ✼✵ ✪✱ ❛ ✶✵✵ ✲ ✶✹✵ µ♠ ♣r♦ ♣➦❡s❛❤ ✽✵ ✪✳ ❖❜❧❛st ♣ór➲ s ✈❡❧✐❦♦stí ✺ ✲ ✹✵ µ♠
s❡ stá✈á ♠✐♥♦r✐t♥í✳ ▲③❡ ➦í❝✐✱ ➸❡ s r♦st♦✉❝í♠ ♣➦❡s❛❤❡♠ ➨r❛❢♦✈❛❝í❝❤ ❞r❛❤ s❡ ③♠❡♥➨✉❥❡
♣♦❞í❧ ♣ór➲ ♦ r♦③♠➙r✉ ✺ ✲ ✹✵ µ♠ ♥❛ ❝❡❧❦♦✉ ♣♦r♦③✐t✉✳ ◆❛♦♣❛❦ ♣♦❞í❧ ♣ór➲ ♦ r♦③♠➙r✉
✶✵✵ ✲ ✶✹✵ µ♠ ♠á ♥❛ ❝❡❧❦♦✈♦✉ ♣♦r♦③✐t✉ s r♦st♦✉❝í♠ ♣➦❡s❛❤❡♠ ❞r❛❤ ✈ýr❛③♥➙❥➨í ✈❧✐✈✳
●r❛❢ ✺✳✸✵ ③♦❜r❛③✉❥❡ ✈ý✈♦❥ ♣♦↔t✉ ♣ór➲ ✈ ❥❡❞♥♦t❧✐✈ý❝❤ ✈❡❧✐❦♦st❡❝❤ ♣r♦ r➲③♥é ❤♦❞✲
♥♦t② ♣r♦❝❡♥t✉á❧♥í❤♦ ♣➦❡s❛❤✉ ➨r❛❢♦✈❛❝í❝❤ ❞r❛❤✳ ▲③❡ s✐ ✈➨✐♠♥♦✉t ❦❧❡s❛❥í❝í t❡♥❞❡♥❝❡ ♣r♦




❖❜r✳ ✺✳✷✽ ❱❧❡✈♦✿ ●r❛❢ ③á✈✐s❧♦st✐ ♣♦r♦③✐t② ♥❛ ♣r♦❝❡♥t✉á❧♥í♠ ♣➦❡s❛❤✉ ➨r❛❢♦✈❛❝í❝❤ ❞r❛❤ ♣r♦ ♣r♦❝❡s♥í
♣❛r❛♠❡tr② ✸✼✺ ❲✱ ✶✷✵✵ ♠♠✴s✳ ❱♣r❛✈♦✿ ❯❦á③❦❛ r♦③❧♦➸❡♥í ✈③♦r❦➲ ♥❛ ♣❧❛t❢♦r♠➙
❖❜r✳ ✺✳✷✾ ●r❛❢ ③♦❜r❛③✉❥í❝í ♣♦↔❡t ♣ór➲ ♣r♦ ❥❡❞♥♦t❧✐✈é ♣r♦❝❡s♥í ♣❛r❛♠❡tr② ✈ ③á✈✐s❧♦t✐ ♥❛ ♣r♦❝❡♥t✉✲
á❧♥í♠ ♣➦❡s❛❤✉ ➨r❛❢♦✈❛❝í❝❤ ❞r❛❤
❛➸ ❞♦ ✈❡❧✐❦♦st✐ ♣ór➲ ✾✵ µ♠✳ ❱ýs❦②t ♣ór➲ ♥❛❞ t✉t♦ ✈❡❧✐❦♦st ❥❡ ✈❡ ✈③♦r❝í❝❤ ♥á❤♦❞♥ý✱
❛❧❡ ❧③❡ ♣♦③♦r♦✈❛t ♣♦st✉♣♥é ③✈➙t➨♦✈á♥í s❡ ♠❛①✐♠á❧♥í ✈❡❧✐❦♦st✐ ♣ór➲ ❛➸ ❞♦ ✈❡❧✐❦♦st✐
✶✹✵ µ♠ s r♦st♦✉❝í♠ ♣➦❡s❛❤❡♠ ❞r❛❤✳
Pr♦ ✈③♦r❦② ✈②r♦❜❡♥é s ♣❛r❛♠❡tr② ✈ý❦♦♥✉ ✸✼✺ ❲ ❛ r②❝❤❧♦st✐ ❧❛s❡r✉ ✶✷✵✵ ♠♠✴s
❜②❧❛ ③♠➙➦❡♥❛ ♠✐❦r♦t✈r❞♦st✱ st❡❥♥➙ ❥❛❦♦ ✈ ♦❜❥❡♠♦✈é♠ t❡st✉ ■ ✺✳✷✶✳ ●r❛❢ ③á✈✐s❧♦t✐
t✈r❞♦st✐ ✈③♦r❦➲ ♥❛ ♣➦❡s❛❤✉ ➨r❛❢♦✈❛❝í❝❤ ❞r❛❤ ❥❡ ♥❛ ♦❜rá③❦✉ ✺✳✸✶✳
❱ ❣r❛❢✉ ✺✳✸✷ ❧③❡ ✈✐❞➙t ③á✈✐s❧♦st ❞rs♥♦st✐ s✈✐s❧é❤♦ ♣♦✈r❝❤✉ ♥❛ ♣♦✉➸✐tý❝❤ ♣r♦❝❡s♥í❝❤
♣❛r❛♠❡tr❡❝❤ ❦♦♥t✉r② ♣r♦ ❥❡❞♥♦t❧✐✈é ♣r♦❝❡s♥í ♣❛r❛♠❡tr② ♦❜❥❡♠✉✳ ❷ís❧♦ ♥❛❞ ❦❛➸❞ý♠
s❧♦✉♣❝❡♠ ❤♦❞♥♦t② ❞rs♥♦st✐ ③♥á③♦r➡✉❥❡ ❡♥❡r❣✐✐ ✈♥❡s❡♥♦✉ ❞♦ ♦❜❥❡♠✉ ✈③♦r❦✉✳ ❍♦❞♥♦t②
❞rs♥♦st✐ ♣r♦ r➲③♥é ♣❛r❛♠❡tr② ❦♦♥t✉r② ❞♦s❛❤✉❥í ♣♦❞♦❜♥ý❝❤ ❤♦❞♥♦t ❛➸ ♥❛ ✈③♦r❦②✱ ✉
❦t❡rý❝❤ ❜②❧❛ ♥❛st❛✈❡♥❛ ♣♦✉③❡ ❥❡❞♥❛ ❞rá❤❛ ♣r♦ ❦♦♥t✉r✉✳ P➦✐ ♣♦✉➸✐tí ♣♦✉③❡ ❥❡❞♥é




❖❜r✳ ✺✳✸✵ ●r❛❢ ♣♦↔t✉ ♣ór➲ ✈ ❥❡❞♥♦t❧✐✈ý❝❤ ✈❡❧✐❦♦st❡❝❤ ♣r♦ r➲③♥é ♣r♦❝❡♥t✉á❧♥í ♣➦❡s❛❤② ➨r❛❢♦✈❛❝í❝❤
❞r❛❤
❖❜r✳ ✺✳✸✶ ❑r❛❜✐❝♦✈ý ❣r❛❢ ③♦❜r❛③✉❥í❝í st➦❡❞♥í✱ ♠❛①✐♠á❧♥í ❛ ♠✐♥✐♠á❧♥í ❤♦❞♥♦t② ♥❛♠➙➦❡♥é t✈r❞♦st✐
✈ ③á✈✐s❧♦t✐ ♥❛ ♣r♦❝❡♥t✉á❧♥í♠ ♣➦❡s❛❤✉ ➨r❛❢♦✈❛❝í❝❤ ❞r❛❤ ♣r♦ ✈③♦r❦② ✈②r♦❜❡♥é ♣r♦❝❡s♥í♠✐ ♣❛r❛♠❡tr②
✈ý❦♦♥✉ ❧❛s❡r✉ ✸✺✵ ❲ ❛ ✶✷✵✵ ♠♠✴s r②❝❤❧♦st✐ ❧❛s❡r✉✳
❞✈♦✉ ❞r❛❤✳ ●r❛❢② ✺✳✸✸ ③♦❜r❛③✉❥í ③á✈✐s❧♦st ❞rs♥♦st✐ ➨✐❦♠é❤♦ ♣♦✈r❝❤✉ ♥❛ ♣♦✉➸✐tý❝❤
♣r♦❝❡s♥í❝❤ ♣❛r❛♠❡tr❡❝❤ ❦♦♥t✉r② ♣r♦ ❥❡❞♥♦t❧✐✈é ♣r♦❝❡s♥í ♣❛r❛♠❡tr② ♦❜❥❡♠✉✳ ❷ís❧♦
♥❛❞ ❦❛➸❞ý♠ s❧♦✉♣❝❡♠ ❤♦❞♥♦t② ❞rs♥♦st✐ ③♥á③♦r➡✉❥❡ ❡♥❡r❣✐✐ ✈♥❡s❡♥♦✉ ❞♦ ♦❜❥❡♠✉
✈③♦r❦✉✳ ❉rs♥♦st ♣♦✈r❝❤✉ ♣r♦ ➨✐❦♠é ♣❧♦❝❤② ❥❡ ✈➙t➨í ③ ❞➲✈♦❞✉ s❝❤♦❞♦✈✐té❤♦ ❡❢❡❦t✉✱
❦t❡rý ❥❡ t②♣✐❝❦ý ♣r♦ ❛❞✐t✐✈♥í t❡❝❤♥♦❧♦❣✐❡✳ ❯❦á③❛❧♦ s❡✱ ➸❡ ❞rs♥♦st ♣♦✈r❝❤✉ ♣r♦ ❤♦r♥í
➨✐❦♠♦✉ ♣❧♦❝❤✉ ❥❡ ♣r➲♠➙r♥➙ ♦ ✹✵ ✪ ✈➙t➨í ♥❡➸ ♣r♦ s✈✐s❧♦✉ ♣❧♦❝❤✉ ❛ ❞rs♥♦st ♣r♦ s♣♦❞♥í




❖❜r✳ ✺✳✸✷ ●r❛❢ ③♦❜r❛③✉❥í❝í ❞rs♥♦st s✈✐s❧é❤♦ ♣♦✈r❝❤✉ ♣r♦ ❥❡❞♥♦t❧✐✈é ♣r♦❝❡s♥í ♣❛r❛♠❡tr② ❦♦♥t✉r②✳
❷ís❧❛ ♥❛❞ s❧♦✉♣❝✐ ✉❞á✈❛❥í ♦❜❥❡♠♦✈♦✉ ❡♥❡r❣✐✐✱ s ❦t❡r♦✉ ❜②❧ s❦❡♥♦✈á♥ ♦❜❥❡♠ ✈③♦r❦✉✳
❖❜r✳ ✺✳✸✸ ●r❛❢② ③♦❜r❛③✉❥í❝í ❞rs♥♦st ➨✐❦♠ý❝❤ ♣♦✈r❝❤➲ ♣r♦ ❥❡❞♥♦t❧✐✈é ♣r♦❝❡s♥í ♣❛r❛♠❡tr② ❦♦♥t✉r②✳





❈í❧❡♠ ♦❜❥❡♠♦✈é❤♦ t❡st✉ ■■ ❜②❧♦ ♦✈➙➦✐t ③ís❦❛♥é ✈ýs❧❡❞❦② ♣♦r♦③✐t② ❛ t✈r❞♦st✐ ✈③♦r❦➲
③ ♦❜❥❡♠♦✈é❤♦ t❡st✉ ■✳ ❇②❧② ♥❛✈r❤♥✉t② ✈➙t➨í t❡st♦✈❛❝í ✈③♦r❦② ❛ ♣➦✐❞á♥❛ r♦t❛❝❡ ❥❡❞✲
♥♦t❧✐✈ý❝❤ ✈rst❡✈✱ ❛❜② ❜②❧ ♥❛s✐♠✉❧♦✈á♥ ♣r♦❝❡s ✈ýr♦❜② ✈③♦r❦➲ ❥❛❦♦ ♣➦✐ r❡á❧♥é ✈ýr♦❜➙
♦❜❥❡♠♦✈é❤♦ ❞í❧✉✳ ❱ýs❧❡❞❦② ✈③♥✐❦❧é ♣♦r♦③✐t② ✈ ♦❜❥❡♠✉ ✈③♦r❦➲ ✈ ③á✈✐s❧♦t✐ ♥❛ ♣r♦❝❡♥✲
t✉á❧♥í♠ ♣➦❡s❛❤✉ ➨r❛❢♦✈❛❝í❝❤ ❞r❛❤ ♣♦t✈r❞✐❧ ♣➦❡❞♣♦❦❧❛❞✱ ❦t❡rý ❜②❧ ③❥❡✈♥ý ✉➸ ③ ♦❜❥❡✲
♠♦✈é❤♦ t❡st✉ ■✱ ❛ t♦ ➸❡ s r♦st♦✉❝í♠ ♣r♦❝❡♥t✉á❧♥í♠ ♣➦❡s❛❤❡♠ ➨r❛❢♦✈❛❝í❝❤ ❞r❛❤ ❦❧❡sá
✈ýs❧❡❞♥á ♣♦r♦③✐t❛ ✈ ♦❜❥❡♠✉ ✈③♦r❦✉✳ ❚♦t♦ t✈r③❡♥í ♣♦t✈r③✉❥❡ ❣r❛❢ ✺✳✷✻✱ ❦t❡rý sr♦✈♥á✈á
❤♦❞♥♦t② ♣♦r♦③✐t② ♣r♦ ✈➨❡❝❤♥② ✈③♦r❦②✳ ❱③♦r❦② s ♣❛r❛♠❡tr② ✸✺✵ ❲✱ ❛ ✶✶✵✵ ♠♠✴s
s❦❡♥♦✈❛❝í r②❝❤❧♦st✐ ❧❛s❡r✉ ❥s♦✉ ❥❛❦♦ ❥❡❞✐♥é ♦❞❝❤ý❧❡♥② ♦❞ ❤♦❞♥♦t ♣♦r♦③✐t② ♦st❛t♥í❝❤
✈③♦r❦➲✳ ❚r❡♥❞ ♣♦❦❧❡s✉ ♣♦r♦③✐t② ❥❡ ❛❧❡ st❡❥♥ý ❥❛❦ ♣r♦ ♦st❛t♥í ✈③♦r❦② s ❥✐♥ý♠✐ ♣r♦✲
❝❡s♥í♠✐ ♣❛r❛♠❡tr②✳ ◆❡❥♣r❛✈❞➙♣♦❞♦❜♥➙❥➨í♠ ✈③♥✐❦❡♠ tét♦ ♦❞❝❤②❧❦② ❥❡ ♥❡❞♦st❛t❡↔♥➙
✈②s✉➨❡♥ý ♣rá➨❡❦✱ ♣r♦t♦➸❡ t♦ ❥❡ ❥❡❞✐♥á ♣r♦♠➙♥♥á✱ ❦t❡r♦✉ s❡ st❛✈❜❛ t➙❝❤t♦ ✈③♦r❦➲ ❧✐➨✐❧❛
♦❞ ♦st❛t♥í❝❤✳ Prá➨❡❦ ❜②❧ ♣r♦ t✉t♦ ♣r✈♥í st❛✈❜✉ s✉➨❡♥ ✸ ❤♦❞✐♥②✱ ❦❞❡➸t♦ ♣r♦ ♦st❛t♥í
st❛✈❜② s ♦❞❧✐➨♥ý♠✐ ♣r♦❝❡s♥í♠✐ ♣❛r❛♠❡tr② t♦ ❜②❧♦ ✈í❝❡ ♥❡➸ ✷✹ ❤♦❞✐♥✳
❱ ❞❛❧➨í♠ ❣r❛❢✉ ✈✐③ ♦❜r✳ ✺✳✷✽ ❥❡ ③♦❜r❛③❡♥ ♣r➲❜➙❤ ❤♦❞♥♦t ♣♦r♦③✐t② ♣r♦ ✈③♦r❦②
✈②r♦❜❡♥é ♣r♦❝❡s♥í♠✐ ♣❛r❛♠❡tr② ✈ý❦♦♥✉ ❧❛s❡r✉ ✸✼✺ ❲ ❛ s❦❡♥♦✈❛❝í r②❝❤❧♦st✐ ✶✷✵✵
♠♠✴s✳ P♦r♦✈♥á♥í♠ ❤♦❞♥♦t ♣♦r♦③✐t② ③ ❣r❛❢✉ ✈❧❡✈♦ s ✉♠íst➙♥í♠ ✈③♦r❦➲ ♥❛ ♣❧❛t❢♦r♠➙
③ ♦❜rá③❦✉ ✈♣r❛✈♦ s❡ ③❥✐st✐❧♦✱ ➸❡ ♣♦❧♦❤❛ ✈③♦r❦✉ ✉♣r♦st➦❡❞ ♥❡❜♦ ♥❛ ♦❦r❛❥✐ ♥❡♠á ✈❧✐✈ ♥❛
✈ýs❧❡❞♥♦✉ ❤♦❞♥♦t✉ ♣♦r♦③✐t②✳ P➦í❦❧❛❞❡♠ ♠➲➸❡ ❜ýt ✈③♦r❡❦ s ♣r♦❝❡♥t✉á❧♥í♠ ♣➦❡s❛❤❡♠
➨r❛❢♦✈❛❝í❝❤ ❞r❛❤ ✺✵ ✪✱ ❦t❡rý ♠á ♥❛ ♦❦r❛❥✐ ♠❡♥➨í ❤♦❞♥♦t✉ ♣♦r♦③✐t② ♥❡➸ ✉♣r♦st➦❡❞✳
❚♦t♦ ♣r❛✈✐❞❧♦ s❡ ♣♦t✈r❞✐❧♦ ✐ ✉ ✈③♦r❦➲ s ❥✐♥ý♠✐ ♣r♦❝❡s♥í♠✐ ♣❛r❛♠❡tr②✳ ❱ýr❛③♥➙❥➨í ✈❧✐✈
♠á ❛❧❡ ♥❛ ❤♦❞♥♦t✉ ♣♦r♦③✐t② ✈③♦r❦✉ ❥❡❤♦ ✉♠íst➙♥í ♥❛ ♣❧❛t❢♦r♠➙ ✈➲↔✐ ♣r❛✈é♠✉ ♦❦r❛❥✐✳
■♥❡rt♥í ❛t♠♦s❢ér❛ ♣r♦✉❞í ✈❡ s♠➙r✉ ③♣r❛✈❛ ❞♦❧❡✈❛✳ P➦✐ t❛✈❡♥í ❥❡❞♥♦t❧✐✈ý❝❤ ✈rst❡✈
❞♦❝❤á③í ❦ ♦❞✈♦❞✉ s♣❛❧✐♥ ❛ s♣á❧❡♥ý❝❤ ↔ást✐❝ ♣♦ s♠➙r✉ ♣r♦✉❞➙♥í ✐♥❡rt♥í ❛t♠♦s❢ér② ❛
✉r↔✐tá ↔ást t➙❝❤t♦ ↔ást✐❝ s♣❛❞♥❡ ♥❛ ❥✐➸ ✈②r♦❜❡♥é ✈rst✈② ✈③♦r❦➲✱ ♣r♦t♦➸❡ s♠➙r st❛✈❜②
❥❡❞♥♦t❧✐✈ý❝❤ ✈③♦r❦➲ ❥❡ ③❧❡✈❛ ❞♦♣r❛✈❛✳ ❚❡♥t♦ r♦③❞í❧ ✈ ❤♦❞♥♦tá❝❤ ♣♦r♦③✐t② ❥❡ ✈ ♣r➲♠➙r✉
♦❦♦❧♦ ✺ ✪ ❛ ❥❛❦ ❧③❡ ✈✐❞➙t ③ ❣r❛❢✉ ✺✳✷✽ ✈❧❡✈♦ ♥❡♥í ✈➸❞②❝❦② ♣❧❛t♥ý✳ ◆✐❝♠é♥➙ ✉r↔✐tý ✈❧✐✈
♥❛ ✈ýs❧❡❞♥♦✉ ♣♦r♦③✐t✉ ✈③♦r❦➲ ❥❡ ♣➦✐♣sá♥ tét♦ s❦✉t❡↔♥♦st✐✳
❩ ❛♥❛❧ý③② ♣♦↔t✉ ♣ór➲✱ ❦t❡rá ❥❡ ③♦❜r❛③❡♥❛ ✈ ❣r❛❢✉ ✺✳✷✾ ❥❞❡ ✈✐❞➙t✱ ➸❡ ♥❡❥♠❡♥➨í❤♦
♣♦↔t✉ ♣ór➲ ❞♦s❛❤✉❥í ✈❡ ✈➨❡❝❤ ♣➦í♣❛❞❡❝❤ ✈③♦r❦② ✈②r♦❜❡♥é s ♣r♦❝❡s♥í♠✐ ♣❛r❛♠❡tr②
✈ý❦♦♥✉ ✸✼✺ ❲ ❛ r②❝❤❧♦st✐ s❦❡♥♦✈á♥í ✶✷✵✵ ♠♠✴s✳ Pr♦ t②t♦ ♣r♦❝❡s♥í ♣❛r❛♠❡tr② ❜②❧❛
♣r♦✈❡❞❡♥❛ ❞❡t❛✐❧♥➙❥➨í ❛♥❛❧ý③❛ r♦③♠➙r♦✈é ❞✐str✐❜✉❝❡ ♣ór➲✱ ❦t❡rá ❥❡ ♥❛ ♦❜rá③❦✉ ✼✳✾
✈ ♣➦í❧♦③❡✳ ❙ ♣➦✐❜ý✈❛❥í❝í♠ ♣r♦❝❡♥t✉á❧♥í♠ ♣➦❡s❛❤❡♠ ❞r❛❤ ❥❡ ✈❡ ✈③♦r❦✉ ❡❧✐♠✐♥♦✈á♥
♣r♦❝❡♥t✉á❧♥í ✈❧✐✈ ♣ór➲ ♦ ✈❡❧✐❦♦stí ♦❦♦❧♦ ✺ ✲ ✹✵ µ♠ ♥❛ ✈ýs❧❡❞♥♦✉ ♣♦r♦③✐t✉✳ ❙ tí♠t♦
♣♦❦❧❡s❡♠ ♥❛r➲stá ♣r♦❝❡♥t✉á❧♥í ✈❧✐✈ ♣ór➲ ♦ ✈❡❧✐❦♦st✐ ✶✵✵ ✲ ✶✹✺ µ♠ ♥❛ ❝❡❧❦♦✈♦✉ ♣♦r♦✲
③✐t✉✱ ❦t❡rá s❡ ✈ ❦❛➸❞é♠ ✈③♦r❦✉ ❛❧❡s♣♦➡ ❥❡❞♥♦✉ ✈②s❦②t✉❥❡✳ ❏❛❦ ✉❦❛③✉❥❡ ❣r❛❢ ✺✳✸✵✱ s
r♦st♦✉❝í♠ ♣r♦❝❡♥t✉á❧♥í♠ ♣➦❡s❛❤❡♠ ❞r❛❤ ❦❧❡sá ♣♦↔❡t ♣ór➲ ♦ ✈❡❧✐❦♦st❡❝❤ ✺ ✲ ✹✵ µ♠✳
❚❡♥t♦ ❦❧❡s❛❥í❝í tr❡♥❞ ♣♦❦r❛↔✉❥❡ ❛➸ ❞♦ ✈❡❧✐❦♦st✐ ♣ór➲ ✾✵ µ♠✳ Pr♦ ❞❡t❛✐❧♥➙❥➨í ♣♦♣✐s r♦③✲
❧♦➸❡♥í ❛ r♦③♠➙r♦✈é ❞✐str✐❜✉❝❡ ♣ór➲ ❜② ❜②❧♦ ♥✉t♥é ✉❞➙❧❛t µ❈❚ s❦❡♥✱ ❦t❡rý ❥❡ s❝❤♦♣❡♥
❛♥❛❧②③♦✈❛t ✈❡❧✐❦♦st ❛ r♦③❧♦➸❡♥í ♣ór➲ ✈ ❝❡❧é♠ ♦❜❥❡♠✉ ✈③♦r❦✉✳ ❱②❤♦❞♥♦❝❡♥á r♦③♠➙✲
r♦✈á ❞✐str✐❜✉❝❡ ♣ór➲ ❥❡ ♥❛ ③á❦❧❛❞➙ ♣♦✉③❡ ❥❡❞♥♦❤♦ ➦❡③✉ ❛ ♥❡r❡✢❡❦t✉❥❡ t❛❦ ♣❧♥➙ ❝❡❧ý
♦❜❥❡♠ ✈③♦r❦✉✳
❚✈r❞♦st ❥❡❞♥♦t❧✐✈ý❝❤ ✈③♦r❦➲ ♣r♦ ♣r♦❝❡s♥í ♣❛r❛♠❡rtr② ✸✺✵ ❲ ✈ý❦♦♥ ❧❛s❡r✉ ❛ ✶✷✵✵
♠♠✴s r②❝❤❧♦st ❧❛s❡r✉ ♣♦♣✐s✉❥❡ ❣r❛❢ ✺✳✸✶✳ ❩ ❣r❛❢✉ ♥❡✈②♣❧ý✈á ➸á❞♥á ✈ýr❛③♥á ③á✈✐s❧♦st




➸❡ ♥❡❥✈➙t➨í t✈r❞♦st✐ ❜✉❞❡ ❞♦s❛❤♦✈❛t ✈③♦r❡❦ s ♣➦❡s❛❤❡♠ ➨r❛❢♦✈❛❝í❝❤ ❞r❛❤ ✹✵ ✪ ❛ s ♣➦✐✲
❜ý✈❛❥í❝í ❤♦❞♥♦t♦✉ ♣➦❡s❛❤✉ ➨r❛❢♦✈❛❝í❝❤ ❞r❛❤ ❜✉❞❡ t✈r❞♦st ❦❧❡s❛t✳ ◆❡❥✈➙t➨í ♣r➲♠➙r♥é
❤♦❞♥♦t② t✈r❞♦st✐ ❞♦sá❤❧② ✈③♦r❦② s ♣➦❡s❛❤❡♠ ❞r❛❤ ✺✵ ✪ t❥✳ ✶✶✵✱✾ ❍❱ ❛ ♥❡❥♠❡♥➨í
❤♦❞♥♦t② ❞♦sá❤❧② ✈③♦r❦② s ♣➦❡s❛❤❡♠ ❞r❛❤ ✻✵ ✪ t❥✳ ✶✵✽✱✻ ❍❱✳ ❚♦ ❥❡ r♦③❞í❧ ♦ ✷✱✸
❍❱✱ ❦t❡rá ❥❡ ✈ ♠❡③✐ ♦❞❝❤②❧❡❦ tét♦ ♠➙➦í❝í ♠❡t♦❞②✳ Pr♦t♦ s❡ ❞á ➦í❝t✱ ➸❡ t✈r❞♦st ✈➨❡❝❤
✈③♦r❦➲ ❥❡ st❡❥♥á✳ ❩ ♣➦❡♣♦↔❡t♥í t❛❜✉❧❦② t✈r❞♦st✐ ♥❛ ♠❡③ ♣❡✈♥♦st✐ ♠❛t❡r✐á❧✉ ❥❡ ♦❞❤❛❞✱
➸❡ ♠❛t❡r✐á❧ ♠á ♣❡✈♥♦st ✈ t❛❤✉ ♦❦♦❧♦ ✸✺✵ ▼P❛✳
❉rs♥♦st ♣♦✈r❝❤✉ ✈②r♦❜❡♥ý❝❤ ✈③♦r❦➲ ❜②❧❛ ♠➙➦❡♥❛ ♥❛ s✈✐s❧ý❝❤ ❛ ➨✐❦♠ý❝❤ ♣❧♦❝❤á❝❤✳
❯❦á③❛❧♦ s❡✱ ➸❡ s ♠➙♥í❝í♠✐ s❡ ♣r♦❝❡s♥í♠✐ ♣❛r❛♠❡tr② ❦♦♥t✉r② ✭✈ t❡st♦✈❛♥é♠ r♦③♠❡③í✮
♥❡❞♦❝❤á③í ❦ ➸á❞♥é ✈ýr❛③♥é ③♠➙♥➙ ❞rs♥♦st✐ ♣♦✈r❝❤✉ ❛ t♦ ❛♥✐ ♣➦✐ r♦③❞í❧♥ý❝❤ ❤♦❞♥♦tá❝❤
❡♥❡r❣✐❡ ✈st✉♣✉❥í❝í ❞♦ ✈③♦r❦✉ ♣➦✐ ➨r❛❢♦✈á♥í ♦❜❥❡♠✉✱ ✈✐③ ♦❜r✳✺✳✸✷✳ ❱ýr❛③♥➙❥➨í ✈❧✐✈ ♥❛
❞rs♥♦st ♣♦✈r❝❤✉ ♠á ♣♦↔❡t ♣♦✉➸✐tý❝❤ ❞r❛❤ ♣r♦ ❦♦♥t✉r✉✳
✺✳✼ ❚❡st♦✈á♥í ♠❡❝❤❛♥✐❝❦ý❝❤ ✈❧❛st♥♦stí
✺✳✼✳✶ P➦í♣r❛✈❛ t❡st✉
❱ rá♠❝✐ t❡st✉ ❜②❧② ✈②r♦❜❡♥② ❜✐❧❡t② ♦ r♦③♠➙r❡❝❤ ✶✸①✶✸①✼✺ ♠♠✱ ③ ♥✐❝❤➸ ❜②❧②
♦❜r♦❜❡♥② ✈③♦r❦② ♣r♦ t❛❤♦✈♦✉ ③❦♦✉➨❦✉✳ ❇②❧② ✈②❜rá♥② ♣r♦❝❡s♥í ♣❛r❛♠❡tr② ♦ ✈ý❦♦♥✉
❧❛s❡r✉ ✸✼✺ ❲✱ ✶✷✵✵ ♠♠✴s r②❝❤❧♦stí ❧❛s❡r✉ ❛ ♣r♦❝❡♥t✉á❧♥í♠ ♣➦❡s❛❤❡♠ ➨r❛❢♦✈❛❝í❝❤
❞r❛❤ ✽✵ ✪ ③ ♦❜❥❡♠♦✈é❤♦ t❡st✉ ■■✳ ❩✈♦❧❡♥é ♣r♦❝❡s♥í ♣❛r❛♠❡tr② ❞♦sá❤❧② ♥❡❥♠❡♥➨í
❤♦❞♥♦t② ♣♦r♦③✐t② ✵✱✵✽✸ ✪ ❛ ♦❜s❛❤♦✈❛❧② ♥❡❥♠é♥➙ ♣ór➲ ③❡ ✈➨❡❝❤ ✈②r♦❜❡♥ý❝❤ ✈③♦r❦➲✳
❘♦③❧♦➸❡♥í ❜✐❧❡t ♥❛ ♣❧❛t❢♦r♠➙ ❜②❧♦ ♥❡❥❞❡❧➨í♠ r♦③♠➙r❡♠ ✈③♦r❦✉ ❦♦❧♠♦ ♥❛ s♠➙r
♣r♦✉❞➙♥í ❛t♠♦s❢ér② ✈✐③ ♦❜r✳ ✺✳✸✹✳ ◆❛t♦↔❡♥í ✈③♦r❦➲ ♥❛ ♣❧❛t❢♦r♠➙ ❥❡ ③ ❞➲✈♦❞✉✱ ❛❜②
❜➦✐t ♥❛♥á➨❡❝í❤♦ ③❛➦í③❡♥í ✈st✉♣♦✈❛❧ ♥❛ ✈③♦r❡❦ ♣♦st✉♣♥➙ ❛ ♥❡♣➙❝❤♦✈❛❧ t❛❦ ♣rá➨❡❦ ♣➦❡❞
♦❜❥❡♠❡♠ ❜✐❧❡t②✱ ↔í♠➸ ❜② ♠♦❤❧❛ ❜ýt ♥❛r✉➨❡♥❛ r♦✈♥♦♠➙r♥♦st ♥❛♥á➨❡♥é ✈rst✈②✳
❖❜r✳ ✺✳✸✹ ❖❜rá③❡❦ ♣❧❛t❢♦r♠② s ✈②t✐s❦❧ý♠✐ t❛❤♦✈ý♠✐




✺✳✼✳✷ ❱ýs❧❡❞❦② ❛ ③❤♦❞♥♦❝❡♥í
●r❛❢ s ✈ýs❧❡❞❦② t❛❦♦✈é ③❦♦✉➨❦② ❥❡ ♥❛ ♦❜r✳ ✺✳✸✺✳ ❩ ❣r❛❢✉ ❧③❡ ✈✐❞➙t ♣r➲❜➙❤ t❛❤♦✈é
③❦♦✉➨❦② ✈ ③á✈✐s❧♦st✐ ♥❛♣➙tí ♥❛ ♣♦♠➙r♥é♠ ♣r♦❞❧♦✉➸❡♥í✳ ❉♦s❛➸❡♥á ♠❡③ ♣❡✈♥♦st✐ ❥❡
st❛t✐st✐❝❦② st❛♥♦✈❡♥❛ ♥❛ ✸✽✵ ▼P❛✳ ❱ ♣♦r♦✈♥á♥í s ♠❡③í ♣❡✈♥♦st✐ ♣r❡❞✐❦♦✈❛♥♦✉ ③
♥❛♠➙➦❡♥é t✈r❞♦st✐✱ ❦t❡rá ❜②❧❛ ✸✺✵ ▼P❛✱ ❥❡ t❛t♦ ❤♦❞♥♦t❛ ♦ ✸✵ ▼P❛ ✈②➨➨í✳ ▼❡③ ❦❧✉③✉
✈③♦r❦➲ ❥❡ ✷✸✵ ▼P❛ ❛ ♣♦♠➙r♥é ♣r♦❞❧♦✉➸❡♥í ✶✵ ✪✳ ❱ t❛❜✉❧❝❡ ✺✳✺ ❥s♦✉ ③♦❜r❛③❡♥②
♣♦❞r♦❜♥é ✈ýs❧❡❞❦② t❛❤♦✈é ③❦♦✉➨❦②✳
❖❜r✳ ✺✳✸✺ ●r❛❢ ③♦❜r❛③✉❥í❝í ♣r➲❜➙❤ t❛❤♦✈é ③❦♦✉➨❦②
❚❛❜✳ ✺✳✺ ❚❛❜✉❧❦❛ s ✈ýs❧❡❞❦② t❛❤♦✈é ③❦♦✉➨❦②
❱ ♣♦r♦✈♥á♥í s ❤♦❞♥♦t❛♠✐ ♦❞❧é✈❛♥é❤♦ ♠❛t❡r✐á❧✉✱ ✈✐③ t❛❜✉❧❦❛ ✺✳✶✱ ❥❡ ❤♦❞♥♦t❛
♠❡③❡ ♣❡✈♥♦st✐ ♦ ✷✵✵ ▼P❛ ✈②➨➨í✱ ❤♦❞♥♦t❛ ♠❡③❡ ❦❧✉③✉ ❛➸ ♦ ✶✹✺ ▼♣❛ ✈②➨➨í ❛ ♣♦♠➙r♥é
♣r♦❞❧♦✉➸❡♥í ❛➸ ♦ ✹✱✾ ✪ ♣r♦ ♣♦r♦✈♥á♥í s❡ ✈③♦r❦❡♠ ❜❡③ t❡♣❡❧♥é❤♦ ③♣r❛❝♦✈á♥í✳ P➦✐
♣♦r♦✈♥á♥í s❡ ✈③♦r❦② s t❡♣❡❧♥ý♠ ③♣r❛❝♦✈á♥í♠ ❚✻ ❥❡ ♠❡③ ♣❡✈♥♦st✐ ✈②➨➨í ♦ ✷✸ ▼P❛✱
♠❡③ ❦❧✉③✉ ♥✐➸➨í ❛➸ ♦ ✼✺ ▼P❛ ❛ ♣♦♠➙r♥é ♣r♦❞❧♦✉➸❡♥í ❛➸ ♦ ✸✱✾ ✪✳
❉♦s❛➸❡♥á ♠❡③ ♣❡✈♥♦st✐ ❥❡ sr♦✈♥❛t❡❧♥á s❡ s❧✐t✐♥♦✉ ❆❧❙✐✶✷✱ ❦t❡r♦✉ ③❦♦✉♠❛❧ Pr❛✲
s❤❛♥t ❬✷✼❪✳ ❱ ♣♦r♦✈♥á♥í s❡ s❧✐t✐♥♦✉ ❆❧❙✐✶✵▼❣✱ ❦t❡r♦✉ ③❦♦✉♠❛❧ ❘❡❛❞ ❬✸✺❪ ❥❡ ❞♦s❛➸❡♥á
♠❡③ ♣❡✈♥♦st✐ ✈②➨➨í ♦ ✹✺ ▼♣❛✱ ♠❡③ ❦❧✉③✉ ♥✐➸➨í ♦ ✷✵ ▼P❛ ❛ ♣♦♠➙r♥é ♣r♦❞❧♦✉➸❡♥í ✈②➨➨í
♦ s❦♦r♦ ✾ ✪✳ ❱ ♣rá❝✐ ❬✺❪ ❑✐♠✉r❛ ③❦♦✉♠❛❧ s❧✐t✐♥✉ ❆❧❙✐✼▼❣✵✱✸ ❛ ❞♦sá❤❧ ♠❡③❡ ♣❡✈♥♦st✐




❘❛♦ ❬✶✵❪ ③❦♦✉♠❛❧ ♠❡❝❤❛♥✐❝❦é ✈❧❛st♥♦st✐ st❡❥♥é s❧✐t✐♥② ❥❛❦♦ ❥❡ ♦ ♥í ♣♦❥❡❞♥á✈á♥♦ ✈
tét♦ ♣rá❝✐ ❛ ♠❡③ ♣❡✈♥♦st✐ ❥❡❤♦ ♠❛t❡r✐á❧✉ ❜②❧❛ ♦ ✹✻ ▼P❛ ✈②➨➨í✱ ♠❡③ ❦❧✉③✉ ♦ ✺✵ ▼P❛
✈②➨➨í ❛ ♣♦♠➙r♥é ♣r♦❞❧♦✉➸❡♥í ✈②➨❧♦ sr♦✈♥❛t❡❧♥➙ ✶✵ ✪✳
❩ ♣♦r♦✈♥á♥í ♠❡❝❤❛♥✐❝❦ý❝❤ ✈❧❛st♥♦stí ✈③♦r❦➲ ❧③❡ ✉s♦✉❞✐t✱ ➸❡ s❧✐t✐♥❛ ❆❧❙✐✼▼❣✵✱✻
♣❛t➦í ❦ ♥❛❞♣r➲♠➙r♥ý♠ ✈ ♦❜❧❛st✐ ♠❡❝❤❛♥✐❝❦ý❝❤ ✈❧❛st♥♦stí s✐❧✉♠✐♥➲✳ P➦✐ ♣♦r♦✈♥á♥í
♠❡❝❤❛♥✐❝❦ý❝❤ ✈❧❛st♥♦stí ❦♦♥❦✉r✉❥❡ s❧✐t✐♥á♠ ③♠í♥➙♥ý♠ ✈ ♦st❛t♥í❝❤ ♣r❛❝í❝❤ ❬✺✱✺✺❪✳
✺✳✽ ❱ýr♦❜❛ ♣r♦t♦t②♣✉
Pr♦ ♦✈➙➦❡♥í ♥❛✈r❤♥✉tý❝❤ ♣r♦❝❡s♥í❝❤ ♣❛r❛♠❡tr➲ ❜②❧ ♣♦st❛✈❡♥ ♣r♦t♦t②♣ ❞í❧✉ ③ ❛♥❛✲
❧②③♦✈❛♥é s❧✐t✐♥② ❆❧❙✐✼▼❣✵✱✻✳ Pr♦ t✐s❦ ❜②❧ ✈②❜rá♥ ✧❤♦✉s✐♥❣✧t✉r❜♦❞♠②❝❤❛❞❧❛✱ ❦t❡rý
❜②❧ ♥❛✈r❤♥✉t s♣❡❝✐á❧♥➙ ♣r♦ tý♠ ❋♦r♠✉❧❡ st✉❞❡♥t ③ ❱❯❚ ❛ s♣❧➡✉❥❡ ♣♦➸❛❞❛✈❦② ❦♦♠✲
♣❧❡①♥í❤♦ ❞í❧✉ s r➲③♥ý♠✐ t✈❛r♦✈ý♠✐ ♣r✈❦② ♦❞ t❡♥❦ý❝❤ st➙♥✱ ♣➦❡✈✐s➲ ❛➸ ♣♦ ♦❜❥❡♠
t➙❧❡s❛✳ ◆❛ ♦❜rá③❦✉ ✺✳✸✻ ❥❡ ✈②t✐s❦♥✉té t✉r❜♦❞♠②❝❤❛❞❧♦ s♣♦❧❡↔♥➙ s t❛❤♦✈ý♠✐ ✈③♦r❦②
♣r♦ ♦✈➙➦❡♥í ♠❡❝❤❛♥✐❝❦ý❝❤ ✈❧❛st♥♦stí ❞í❧✉ ❛ s♣❡❝✐á❧♥í♠✐ t✈❛r♦✈ý♠✐ ❞í❧② ♣r♦ ♦✈➙➦❡♥í
r♦③♠➙r♦✈é ♣➦❡s♥♦st✐ ❞í❧➲ s tí♠t♦ t✐s❦♦✈ý♠ ♥❛st❛✈❡♥í♠✳ ❉♦❜❛ t✐s❦✉ tét♦ st❛✈❜② tr✈❛❧❛
✸✹ ❤♦❞✐♥✳ ❩ ♣r✈♦t♥í ❛♥❛❧ý③② ✈②t✐s❦♥✉té s♦✉↔ást✐ ❧③❡ ♣♦③♦r♦✈❛t✱ ➸❡ ❞rs♥♦st ♣♦✈r❝❤✉ ❥❡
st❡❥♥á ❥❛❦♦ ✉ ❜➙➸♥ý❝❤ ❤❧✐♥í❦♦✈ý❝❤ s❧✐t✐♥ ♣♦✉➸í✈❛♥ý❝❤ ♣r♦ t❡❝❤♥♦❧♦❣✐✐ ❙▲▼✳ ❙♦✉↔ást
❜✉❞❡ ❥❡➨t➙ ♣♦❞r♦❜❡♥❛ ❞❛❧➨í♠✉ t❡st♦✈á♥í ❛ ♠❡❝❤❛♥✐❝❦é♠✉ ♦♣r❛❝♦✈á♥í✳





❩ ❞♦st✉♣♥ý❝❤ ↔❧á♥❦➲ ❜②❧② ③❥✐➨t➙♥② ♠❡❝❤❛♥✐❝❦é ✈❧❛st♥♦st✐ r❡❢❡r❡♥↔♥í❤♦ ♠❛t❡r✐á❧✉
✈ ♦❞❧✐té♠ st❛✈✉ ❛ s t❡♣❡❧♥ý♠ ③♣r❛❝♦✈á♥í♠ ❚✻✳ ▼❛t❡r✐á❧ ❆❧❙✐✼▼❣✵✱✻ ❞♦s❛❤✉❥❡ ♣♦
♦❞❧✐tí ♠❡③❡ ♣❡✈♥♦st✐ ✶✽✵ ▼P❛ ❛ s t❡♣❡❧♥ý♠ ③♣r❛❝♦✈á♥í♠ ❚✻ ♠➲➸❡ ❞♦sá❤♥♦✉t ♠❡③❡
♣❡✈♥♦st✐ ❛➸ ✸✺✼ ▼P❛ ❬✺✵❪✳
Prá➨❡❦ ❞♦❞❛♥ý ✜r♠♦✉ ❙▲▼ ❙♦❧✉t✐♦♥s s❡ ♠ír♥➙ ♦❞❝❤②❧♦✈❛❧ ♦❞ ✉✈á❞➙♥ý❝❤ ♣❛r❛✲
♠❡tr➲✳ Pr➲♠➙r♥á ✈❡❧✐❦♦st ↔ást✐❝ ♣rá➨❦✉ ❜②❧❛ ✹✾✱✻ µ♠✳ ◆❡❥↔❛st➙❥✐ ❜②❧② ✈ ♦❜❥❡♠✉
③❛st♦✉♣❡♥② ↔ást✐❝❡ ♦ ✈❡❧✐❦♦st✐ ✹✺ µ♠✳ ✾✵ ✪ ↔ást✐❝ ♣rá➨❦✉ ♠➙❧♦ ❜ýt ❞❧❡ ✈ýr♦❜❝❡ ❞♦
✈❡❧✐❦♦st✐ ↔ást✐❝ ✻✵ µ♠✳ r❡á❧♥➙ ✈➨❛❦ ❜②❧♦ ③❥✐➨t➙♥♦✱ ➸❡ ✾✵ ✪ ↔ást✐❝ ♣rá➨❦✉ ❥❡ ❛➸ ❞♦
✈❡❧✐❦♦st✐ ✾✼ µ♠ ❛ ♥❡❥✈➙t➨í ↔ást✐❝❡ ✈ ♣rá➨❦✉ ❞♦s❛❤✉❥í ✈❡❧✐❦♦st✐ ❛➸ ✶✺✷ µ♠✳ ❱ýr♦❜❝❡♠
✉✈á❞➙♥á ❞✐str✐❜✉❝❡ ✈❡❧✐❦♦st✐ ↔ást✐❝ ♥❡❜②❧❛ ❞♦❞r➸❡♥❛✳ ❷ást✐❝❡ ♣rá➨❦✉ ♠➙❧② ♠ít s❢ér✐❝❦ý
t✈❛r✱ ❛❧❡ r❡á❧♥é s♥í♠❦② ③ ❛♥❛❧ý③② ♣rá➨❦✉ ✉❦á③❛❧②✱ ➸❡ ↔ást✐❝❡ ♠❛❥í s♣í➨❡ ❦♦r♥♦✉t♦✈ý
♣r♦tá❤❧ý t✈❛r✳ ❚♦ ❜② ❛❧❡ ♣♦❞❧❡ ✈ýr♦❜❝❡ ♥❡♠➙❧♦ ✈ést ❦❡ ✈③♥✐❦✉ ♥❛❞♠➙r♥é ♣♦r♦③✐t② ❛
❦ s♥í➸❡♥í ♠❡❝❤❛♥✐❝❦ý❝❤ ✈❧❛st♥♦stí ♠❛t❡r✐á❧✉✳ P♦✉➸✐tý ♣rá➨❡❦ ✈ ♣r♦❝❡s✉ ✈ýr♦❜② ❤r❛❥❡
✈ý③♥❛♠♥♦✉ r♦❧✐ ❥❛❦♦ ❞➲❧❡➸✐tý ♣r♦❝❡s♥í ♣❛r❛♠❡tr✱ ❥❛❦ ✉✈á❞í ❑❊▼P❊◆ ❬✺✹❪✳
❙t✉❞✐✉♠ ♣r♦❝❡s♥í❝❤ ♣❛r❛♠❡tr➲ ③❛↔❛❧♦ ♥á✈❛r♦✈ý♠ t❡st❡♠✳ ❘♦③s❛❤ ♣r♦❝❡s♥í❝❤ ♣❛✲
r❛♠❡tr➲ ❜②❧ ♣r♦ ✈ý❦♦♥ ✶✼✺ ✲ ✹✵✵ ❲ ❛ ♣r♦ s❦❡♥♦✈❛❝í r②❝❤❧♦st ✷✵✵ ✲ ✷✵✵✵ ♠♠✴s✳ ❩
r❡➨❡r➨❡ ❜②❧♦ ③❥✐➨t➙♥♦✱ ➸❡ r♦③♠➙r♦✈➙ ✈❤♦❞♥é ❛ ❦♦♥t✐♥✉á❧♥í ♥á✈❛r② ❜② ♠➙❧② ✈③♥✐❦❛t ♣➦✐
✈st✉♣♥í ❡♥❡r❣✐✐ ❞♦ ♣r♦❝❡s✉ ♦❞ ✹✱✼✻ ❞♦ ✶✵ ❏✴♠♠✷✳ ❈❡❧❦♦✈ý r♦③s❛❤ ✈st✉♣♥í ❡♥❡r❣✐❡
♣r♦ ♥á✈❛r♦✈ý t❡st ❜②❧ ♦❞ ✸✱✺ ❞♦ ✷✵ ❏✴♠♠✷✱ ❛❜② ♠♦❤❧❛ ❜ýt s❧❡❞♦✈á♥❛ ❤r❛♥✐❝❡ ♠❡③✐
t✈♦r❜♦✉ ✈❤♦❞♥ý❝❤ ❛ ♥❡❤♦❞♥ý❝❤ ♥á✈❛r➲✳ ❈❡❧❦♦✈➙ ❜②❧② ♥á✈❛r② r♦③❞➙❧❡♥② ❞♦ t➦í ❤♦❞♥♦✲
tí❝í❝❤ s❦✉♣✐♥ ♥❛ ♥á✈❛r② r♦③♠➙r♦✈➙ ♥❡✈❤♦❞♥é ♥❡❜♦ ♦❜s❛❤✉❥í❝í ♣ór②✱ ♥á✈❛r② r♦③♠➙r♦✈➙
✈❤♦❞♥é ❞❧❡ ♣♦❞♠í♥❦② ✭✈ý➨❦❛❃ ✸✵ µ♠✱ ♣r➲✈❛r❂ ✺✵ ✲ ✶✻✵ µ♠ ❛ ú❤❡❧ ♥❛♣♦❥❡♥í❂ ✾✵ ✲
✶✼✵➦✮✱ ❛❧❡ ♥❡❦♦♥t✐♥✉á❧♥í ❛ ♥á✈❛r② r♦③♠➙r♦✈➙ ✈❤♦❞♥é ❛ ❦♦♥t✐♥✉á❧♥í✳ ❉♦ ♣r✈♥í s❦✉♣✐♥②
s♣❛❞❛❧② ♣r✐♠ár♥➙ ♥á✈❛r② s ♣➦í❧✐➨ ✈②s♦❦♦✉ ❛ ♥❡❜♦ ♥í③❦♦✉ ✈st✉♣♥í ❡♥❡r❣✐í✳ ◆á✈❛r② s
✈②s♦❦♦✉ ✈st✉♣♥í ❡♥❡r❣✐í s❡ ✈②③♥❛↔♦✈❛❧② ✈❡❧❦ý♠ ♣r➲✈❛r❡♠✱ ❦❞❡➸t♦ ♥á✈❛r② s ♥í③❦♦✉
❡♥❡r❣✐í s❡ ✈②③♥❛↔♦✈❛❧② ♠❛❧♦✉ ✈ý➨❦♦✉✱ ♥❡❦♦♥t✐♥✉✐t♦✉ ❛ ♥❡✈❤♦❞♥ý♠ ú❤❧❡♠ st②❦✉ s
♣♦❞❦❧❛❞♦✈ý♠ ❦✈á❞r❡♠✳ ❩ ❞➲✈♦❞✉ ♥❡❞♦st❛t❦✉ ✈st✉♣♥í ❡♥❡r❣✐❡ ❛ ♣♦✈r❝❤♦✈é❤♦ ♥❛♣➙tí
t❛✈❡♥✐♥② ♠➙❧❛ r♦③t❛✈❡♥á ❧á③❡➡ t❡♥❞❡♥❝✐ ③❛✉❥♠♦✉t ❝♦ ♥❡❥♠❡♥➨í ♠♦➸♥ý ♦❜❥❡♠✳ ❉r✉❤á
s❦✉♣✐♥❛ ③❛❤r♥♦✈❛❧❛ ♥á✈❛r②✱ ❦t❡ré s♣❧♥✐❧② r♦③♠➙r♦✈♦✉ ♣♦❞♠í♥❦✉✱ ❛❧❡ ♣➦✐ ✈r❝❤♥í♠ ♣♦✲
❤❧❡❞✉ ❜②❧♦ ✈✐❞➙t✱ ➸❡ ♥á✈❛r ❥❡ ♥❡❦♦♥t✐♥✉á❧♥í✳ ❚♦ ❜②❧♦ ③♣➲s♦❜❡♥♦ ♥❡✈❤♦❞♥♦✉ ❦♦♠❜✐♥❛❝í
♣r♦❝❡s♥í❝❤ ♣❛r❛♠❡tr➲✱ ❦t❡ré ③♣➲s♦❜♦✈❛❧② t✉t♦ ♥❡st❛❜✐❧✐t✉✳ ❑♦♥t✐♥✉á❧♥í ❛ r♦③♠➙r♦✈➙
✈❤♦❞♥é ♥á✈❛r② ❜②❧② ♣♦③♦r♦✈á♥② ❛➸ ♣➦✐ ♣♦✉➸✐tí ✈②➨í❝❤ ✈ý❦♦♥➲✳ ❚♦ ❦♦r❡s♣♦♥❞✉❥❡ s
♣r❛❝í ▲❖❯❱■❙❊ ❬✸❪✱ ❦t❡rý ❞♦♣♦r✉↔✉❥❡ ♣♦✉➸í✈❛t ♣r♦ ❤❧✐♥í❦♦✈é s❧✐t✐♥② ✈ý❦♦♥ ♦❞ ✸✵✵
❲✳ ❱③♥✐❦❧❛ s❦✉♣✐♥❛ ♥á✈❛r➲ ✈ r♦③♠❡③í ✈ý❦♦♥✉ ❧❛s❡r✉ ✸✷✺ ✲ ✹✵✵ ❲ ❛ r②❝❤❧♦st✐ ❧❛s❡r✉
✶✵✵✵ ✲ ✶✸✵✵ ♠♠✴s✱ ❦t❡ré s♣❧➡♦✈❛❧② ♣♦➸❛❞❛✈❦② r♦③♠➙r➲ ❛ ❦♦♥t✐♥✉✐t② ❜❡③ ♣➦ít♦♠♥♦st✐
♣ór➲✳ ❍♦❞♥♦t② ❥❡❥✐❝❤ ✈st✉♣♥í ❡♥❡r❣✐❡ s❡ ♣♦❤②❜♦✈❛❧② ✈ r♦③♠❡③í ♦❞ ✺ ❞♦ ✽ ❏✴♠♠✷✱
❝♦➸ ❦♦r❡❧✉❥❡ s ♣➲✈♦❞♥í♠✐ ♣➦❡❞♣♦❦❧❛❞②✳ ❘♦③♠➙r♦✈á ❛♥❛❧ý③❛ ✈➨❡❝❤ ♥á✈❛r➲ ✉❦á③❛❧❛✱
➸❡ ♣r➲✈❛r ❛ ➨í➦❦❛ ♥á✈❛r➲ ❦❧❡sá s❡ ③♠❡♥➨✉❥í❝í s❡ ❡♥❡r❣✐í✱ ❦t❡rá ✈st✉♣✉❥❡ ❞♦ ♣r♦❝❡s✉✳
❍♦❞♥♦t❛ ✈ý➨❦② ♥á✈❛r➲ ♠á ❦♦❧ís❛✈ý ♣r➲❜➙❤ ❜❡③ ♥á③♥❛❦✉ ❥❛❦é❤♦❦♦❧✐✈ tr❡♥❞✉✳ ❚♦ ❥❡
♣r❛✈❞➙♣♦❞♦❜♥➙ ③♣➲s♦❜❡♥♦ ♥❛✈❛➦❡♥í♠ ♥á✈❛r➲ ♥❛ ❥✐➸ ♥❡r♦✈♥ý ♣♦✈r❝❤ ♣♦❞❦❧❛❞♦✈é❤♦
❦✈á❞r✉ s ❦♦♠❜✐♥❛❝í ❧♦❦á❧♥í❝❤ ♠íst✱ ❦❞❡ ❦✈➲❧✐ ✈③♥✐❦✉ ♣r♦❤❧✉❜♥➙ ❜②❧♦ ♥❛❤r♥✉t♦ ✈í❝❡
♣rá➨❦✉✳
❚❡♥❦♦st➙♥♥ý t❡st ✈②❝❤á③❡❧ ③ ✈ý❜➙r✉ ❞❡s❡t✐ ♥❡❥❧❡♣➨í❝❤ ♥á✈❛r➲ ③ ♥á✈❛r♦✈é❤♦ t❡st✉✳




❛ ✾✵✵ ✲ ✶✸✵✵ ♠♠✴s r②❝❤❧♦st✐ ❧❛s❡r✉✳ ◆❛ t❡♥❦ý❝❤ st➙♥á❝❤ ❜②❧❛ s❧❡❞♦✈á♥❛ t❧♦✉➨➫❦❛
❥❡❥✐❝❤ ♥❛s❦❡♥♦✈á♥í♠ ❛ ❞á❧❡ r♦③➦❡③á♥í♠ st➙♥ ❛ ✈②❜r♦✉➨❡♥í♠ ❥❡❥✐❝❤ ♣➦í↔♥ý❝❤ ♣r➲➦❡③➲✳
❍♦❞♥♦t② t❧♦✉➨➫❦② ❜②❧② ♣♦r♦✈♥á♥② s ➨í➦❦❛♠✐ ♥á✈❛r➲ ❛ ❜②❧♦ ③❥✐➨t➙♥♦✱ ➸❡ t❡♥❦é st➙♥②
❞❛♥ý❝❤ ♣❛r❛♠❡tr➲ ❥s♦✉ ➨✐r➨í ♥❡➸ ♥á✈❛r②✳ ❚♦ ❥❡ ♣➦✐s✉③♦✈á♥♦ ♠❡♥➨í♠✉ ♦❞✈♦❞✉ t❡♣❧❛ ♣➦✐
st❛✈❜➙ t❡♥❦ý❝❤ st➙♥ ♥❡➸ ♣➦✐ st❛✈❜➙ ♥á✈❛r➲✳ ❉❛❧➨í♠ ❤♦❞♥♦tí❝í♠ ❦r✐tér✐❡♠ ❜②❧❛ s♠➙r♦✲
❞❛t♥á ♦❞❝❤②❧❦❛ t❧♦✉➨➫❦② st➙♥② ③ís❦❛♥á ③ ♥❛s❦❡♥♦✈❛♥ý❝❤ ❞❛t✳ ❇②❧② ✈②❜rá♥② ♣r♦❝❡s♥í
♣❛r❛♠❡tr② t❡♥❦ý❝❤ st➙♥✱ ❦t❡ré ♠➙❧② ♥❡❥♠❡♥➨í s♠➙r♦❞❛t♥♦✉ ♦❞❝❤②❧❦✉ t❧♦✉➨➫❦② st➙♥②
❛ ③❛r✉↔♦✈❛❧② t❛❦ ♥❡❥st❛❜✐❧♥➙❥➨í t✈♦r❜✉ ♥á✈❛r✉✳
P❛r❛♠❡tr② ✸✺✵ ❲✱ ✶✶✵✵ ♠♠✴s❀ ✸✺✵ ❲✱ ✶✷✵✵ ♠♠✴s❀ ✸✼✺ ❲✱ ✶✷✵✵ ♠♠✴s❀ ✸✼✺ ❲✱
✶✸✵✵ ♠♠✴s ✈ý❦♦♥✉ ❧❛s❡r✉ ❛ r②❝❤❧♦st✐ s❦❡♥♦✈á♥í ③ t❡♥❦♦st➙♥♥é❤♦ t❡st✉ ❜②❧② ♥ás❧❡❞♥➙
♣♦✉➸✐t② ❞♦ ♦❜❥❡♠♦✈é❤♦ t❡st✉ ■✳ Pr♦ ③♥á♠é t❧♦✉➨➫❦② st➙♥ ❜②❧② ✈②♣♦↔ítá♥② ❤♦❞♥♦t②
➨r❛❢♦✈❛❝í ✈③❞á❧❡♥♦st✐ ♣r♦ ♣r♦❝❡♥t✉á❧♥í ♣➦❡s❛❤② ♥á✈❛r➲ ✷✵ ✲ ✽✵ ✪✳ ❆♥❛❧ý③♦✉ ♦❜❥❡♠✉
✈③♦r❦➲ ❜②❧ ③❥✐➨t➙♥ tr❡♥❞ s♥✐➸✉❥í❝í s❡ ③á✈✐s❧♦st✐ ♣♦r♦③✐t② ♥❛ r♦st♦✉❝í ❤♦❞♥♦t➙ ♣r♦❝❡♥✲
t✉á❧♥í❤♦ ♣➦❡s❛❤✉ ➨r❛❢♦✈❛❝í❝❤ ❞r❛❤✳ ❚❛t♦ s❦✉t❡↔♥♦st ❥❡ ♣➦✐♣✐s♦✈á♥❛ t③✈ r❡✲♠❡❧t✐♥❣✉✱
❦t❡rý ✈③♥✐❦á ✉ ✈③♦r❦➲ s ✈②➨➨í♠ ♣r♦❝❡♥t✉á❧♥í♠ ♣➦❡s❛❤❡♠ ❞r❛❤✳ ❱❧✐✈ r❡✲♠❡❧t✐♥❣✉ ♥❛
✈③♥✐❦❧♦✉ ♣♦r♦③✐t✉ ♣♦♣✐s✉❥❡ ✐ ❨❆❙❆ ✈❡ s✈é ♣rá❝✐ ❬✺✷❪✳ ❯ ❥❡❞♥♦t❧✐✈ý❝❤ ✈③♦r❦➲ ❜②❧❛ ♥á✲
s❧❡❞♥➙ ③♠➙➦❡♥❛ ♠✐❦r♦st✈r❞♦st✱ ③ ❦t❡ré ✈②♣❧ý✈❛❧♦ ➸❡ ♥❡❥✈➙t➨í t✈r❞♦st✐ ❞♦s❛❤✉❥í ✈③♦r❦②
s ♣r♦❝❡♥t✉á❧♥í♠ ♣➦❡s❛❤❡♠ ❞r❛❤ ✹✵ ✪✳ ❙ r♦st♦✉❝í ❛ s♥✐➸✉❥í❝í s❡ ❤♦❞♥♦t♦✉ ♣➦❡s❛❤✉ ❞r❛❤
s❡ t✈r❞♦st s♥✐➸♦✈❛❧❛✳ ❚❡♥t♦ ❢❛❦t ❥❡ ♣➦✐♣✐s♦✈á♥ r♦③♣❛❞✉ ♠✐❦r♦str✉❦t✉r②✱ ❦t❡rá s❡ ❦✈➲❧✐
♣➦❡t❛✈♦✈á♥í ♥á✈❛r➲ ✉ ✈②s♦❦ý❝❤ ♣r♦❝❡♥t✉á❧♥í❝❤ ♣➦❡s❛❤➲ ➨r❛❢♦✈❛❝í❝❤ ❞r❛❤ ♣r♦❥❡✈✉❥❡
r♦③♣❛❞❡♠ ❥❡♠♥♦③r♥é ♠✐❦r♦str✉❦t✉r② ❛ ♣r❡❝✐♣✐t❛❝í ❦➦❡♠í❦✉ ❬✸✶✱✸✷✱✺✺❪✳ ❚♦ ✈❡❞❡ ❦ ♣♦✲
❦❧❡s✉ t✈r❞♦st✐ ✈③♦r❦➲✱ ❦t❡rá ❥❡ ❞❡✜♥♦✈á♥❛ ♣rá✈➙ ✈③♥✐❦❧♦✉ ♠✐❦r♦str✉❦t✉r♦✉✳ ❱ rá♠❝✐
♦❜❥❡♠♦✈é❤♦ t❡st✉ ■ ❜②❧② t❡st♦✈á♥❛ ➨r❛❢♦✈❛❝í str❛t❡❣✐❡ ✧str✐♣❡✧❛ ✧❝❤❡ss ❜♦❛r❞✧❛ ❥❡❥✐❝❤
✈❧✐✈ ♥❛ ✈③♥✐❦❧♦✉ ♣♦r♦③✐t✉ ♣➦✐ ③♠➙♥➙ ♣❛r❛♠❡tr✉ ✈③❞á❧❡♥♦st✐ ➨r❛❢♦✈❛❝í❝❤ ♣♦❧í✳ ❙tr❛t❡❣✐❡
✧str✐♣❡✧❞♦s❛❤♦✈❛❧❛ ✈ýr❛③♥➙ ♠❡♥➨í❝❤ ❤♦❞♥♦t ♣♦r♦③✐t ♥❡➸ str❛t❡❣✐❡ ✧❝❤❡ss ❜♦❛r❞✧✳ ❉➲✲
✈♦❞❡♠ ❥❡ ♣➦ít♦♠♥♦st ✈í❝❡ ↔❡❧♥í❝❤ s♣♦❥❡♥í ❥❡❞♥♦t❧✐✈ý❝❤ ❞r❛❤ ❧❛s❡r✉ ✉ str❛t❡❣✐❡ ✧❝❤❡ss
❜♦❛r❞✧✱ ❦t❡ré ❥s♦✉ ❦r✐t✐❝❦ý♠ ♠íst❡♠ ♣r♦ ✈③♥✐❦ ♣♦r♦③✐t②✳ Pr♦ ♦❜➙ str❛t❡❣✐❡ ❞♦s❛❤♦✲
✈❛❧✐ ♥❡❥♠❡♥➨í ♣♦r♦③✐t② ✈③♦r❦② s❡ ✈③❞á❧❡♥♦stí ➨r❛❢♦✈❛❝í❝❤ ❞r❛❤ ✲✵✱✵✺✶ ♠♠✳ ❩á♣♦r♥á
❤♦❞♥♦t❛ ✈③❞á❧❡♥♦st✐ ♦③♥❛↔✉❥❡ ♣➦❡s❛❤ ❛ ❞♦❦❛③✉❥❡✱ ➸❡ ❞í❦② ♣➦❡s❛❤✉ ❥❡ ❡❧✐♠✐♥♦✈á♥ ✈③♥✐❦
✈➙t➨í ♣♦r♦③✐t②✳
❙t❡❥♥é ♣r♦❝❡s♥í ♣❛r❛♠❡tr② ♣♦✉➸✐té ✈ ♦❜❥❡♠♦✈é♠ t❡st✉ ■ ❜②❧② ♣♦✉➸✐t② ✐ ✈ ♦❜✲
❥❡♠♦✈é♠ t❡st✉ ■■✱ ❦❞❡ ❝í❧❡♠ ❜②❧♦ ♦✈➙➦✐t tr❡♥❞ ❦❧❡s❛❥í❝í ♣♦r♦③✐t② ♦❜❥❡♠✉ ✈③♦r❦✉ s
r♦st♦✉❝í♠ ♣r♦❝❡♥t✉á❧♥í♠ ♣➦❡s❛❤❡♠ ➨r❛❢♦✈❛❝í❝❤ ❞r❛❤ ❛ ♣r♦ ♣❛r❛♠❡tr② s ♥❡❥♥✐➸➨í ♣♦✲
r♦③✐t♦✉ ♣♦st❛✈✐t t❛❤♦✈é ✈③♦r❦②✳ ❱ rá♠❝✐ ♦❜❥❡♠♦✈é❤♦ t❡st✉ ■■ ❜②❧② ♣♦st❛✈❡♥② ↔t②➦✐
s❛❞② ✈③♦r❦➲ ♣♦ ❞❡s❡t✐ ✈③♦r❝í❝❤ s ♣r♦❝❡♥t✉á❧♥í♠ ♣➦❡s❛❤❡♠ ➨r❛❢♦✈❛❝í❝❤ ❞r❛❤ ✹✵ ✲ ✽✵
✪✳ ❱ rá♠❝✐ t❡st✉ ❜②❧ s❧❡❞♦✈á♥ ✈❧✐✈ ♣♦❧♦❤② ✈③♦r❦✉ ♥❛ ♣❧❛t❢♦r♠➙ ♥❛ ✈ýs❧❡❞♥♦✉ ♣♦✲
r♦③✐t✉✳ ❯❦á③❛❧♦ s❡✱ ➸❡ ✈❧✐✈ ♣♦❧♦❤② ✈③♦r❦✉ ♥❛ ♣❧❛t❢♦r♠➙ ③ ❤❧❡❞✐s❦❛ ♣♦❧♦❤② ♥❛ ♦❦r❛❥✐
✈➲↔✐ ✈❡ st➦❡❞✉ ♥❡♠á ✈❧✐✈ ♥❛ ✈ýs❧❡❞♥♦✉ ♣♦r♦③✐t✉✳ ▼❛❧ý ✈❧✐✈ ✭❛s✐ ❦♦❧❡♠ ✺ ✪✮ ♠➲➸❡
♠ít ♣♦❧♦❤❛ ✈③♦r❦✉ ✈➲↔✐ s♠➙r✉ ❛t♠♦s❢ér②✳ ❚❡♥t♦ ✈❧✐✈ ❥❡✱ ❛❧❡ ♠❛❧ý ❛ ♥❡♣r❛✈✐❞❡❧♥ý ♥❛
t♦✱ ❛❜② ❜②❧ ♣♦✈❛➸♦✈á♥ ③❛ r❡á❧♥é ♦✈❧✐✈♥➙♥í ✈ýs❧❡❞❦➲✳ ❱ t❡st✉ s❡ ♣♦t✈r❞✐❧ st❡❥♥ý tr❡♥❞
❦❧❡s❛❥í❝í ♣♦r♦③✐t② s r♦st♦✉❝í♠ ♣r♦❝❡♥t✉á❧♥í♠ ♣➦❡s❛❤❡♠ ➨r❛❢♦✈❛❝í❝❤ ❞r❛❤ ❥❛❦♦ ✈ ♦❜✲
❥❡♠♦✈é♠ t❡st✉ ■✳ ➆♣❛t♥ý♠ ✈②s✉➨❡♥í♠ ♣rá➨❦✉ ❜②❧♦ ♦✈➙➦❡♥♦✱ ➸❡ ♥❡✈❤♦❞♥á ♣➦í♣r❛✈❛
♣rá➨❦✉ ♣➦❡❞ st❛✈❜♦✉ ♠á ✈ýr❛③♥ý ✈❧✐✈ ♥❛ ♣♦r♦③✐t✉ ✈③♦r❦➲✳ ❱➨❡❝❤♥② ③❜ý✈❛❥í❝í s❛❞②
✈③♦r❦➲ s ❞♦❜➦❡ ✈②s✉➨❡♥ý♠ ♣rá➨❦❡♠ ✈②❦❛③♦✈❛❧② ♣♦❞♦❜♥é ❤♦❞♥♦t② ♣♦r♦③✐t②✳ ◆❡❥♥✐➸➨í
♦❜❥❡♠♦✈á ♣♦r♦③✐t❛ ✵✱✵✽✹ ✪ ❜②❧❛ ✈②❤♦❞♥♦❝❡♥❛ ✉ ✈③♦r❦✉ s ✽✵✪ ♣➦❡s❛❤❡♠ ➨r❛❢♦✈❛❝í❝❤




✈②r♦❜❡♥ý❝❤ t➙♠✐t♦ ♣r♦❝❡s♥í♠✐ ♣❛r❛♠❡tr② ❜②❧❛ ❛♥❛❧ý③♦✈á♥❛ ③á✈✐s❧♦st ♣♦↔t✉ ♣ór➲ ♥❛
♣r♦❝❡♥t✉á❧♥í♠ ♣➦❡s❛❤✉ ➨r❛❢♦✈❛❝í❝❤ ❞r❛❤✳ ❙ r♦st♦✉❝í♠ ♣➦❡s❛❤❡♠ s❡ ♣♦↔❡t ♣ór➲ s♥✐✲
➸♦✈❛❧✳ Pr♦ ❦❛➸❞ý ✈③♦r❡❦ ❜②❧❛ ❛♥❛❧②③♦✈á♥❛ r♦③♠➙r♦✈á ❞✐str✐❜✉❝❡ ♣ór➲ ✈ ♦❜❥❡♠✉✳ ❙
r♦st♦✉❝í♠ ♣➦❡s❛❤❡♠ ➨r❛❢♦✈❛❝í❝❤ ❞r❛❤ ❜②❧② ♥❡❥✈ýr❛③♥➙❥✐ ❡❧✐♠✐♥♦✈á♥② ♣ór② ♦ r♦③♠➙r✉
✺ ✲ ✹✵ µ♠✳ ❱ ❦❛➸❞é♠ ✈③♦r❦✉ ❜②❧♦ ♥➙❦♦❧✐❦ ❥❡❞♥♦t❡❦ ♣ór➲✱ ❦t❡ré ♠➙❧② ✈❡❧✐❦♦st ✈➙t➨í
♥❡➸ ✶✵✵ µ♠✳ ❏❡❥✐❝❤ ♣♦↔❡t s❡ s ✈③r➲st❛❥í❝í♠ ♣➦❡s❛❤❡♠ ❞r❛❤ ♥❡♠➙♥✐❧✱ ♣♦✉③❡ ♠➙❧② ✈➙t➨í
✈❧✐✈ ♥❛ ❝❡❧❦♦✈♦✉ ♣♦r♦③✐t✉ ③ ❞➲✈♦❞✉ ú❜②t❦✉ ♣ór➲ ♦ ✈❡❧✐❦♦st❡❝❤ ✺ ✲ ✹✵ µ♠✳ ❯ ✈③♦r❦➲
✈②r♦❜❡♥ý❝❤ st❡❥♥ý♠✐ ♣r♦❝❡s♥í♠✐ ♣❛r❛♠❡tr② ❜②❧❛ ♠➙➦❡♥❛ ♠✐❦r♦t✈r❞♦st✳ ❖♣r♦t✐ ♦❜✲
❥❡♠♦✈é♠✉ t❡st✉ ■ ❜②❧♦ ③❥✐➨t➙♥♦✱ ➸❡ t✈r❞♦st ❥❡❞♥♦t❧✐✈ý❝❤ ✈③♦r❦➲ s❡ ✈ ③á✈✐s❧♦st✐ ♥❛
♣r♦❝❡♥t✉á❧♥í♠ ♣➦❡s❛❤✉ ➨r❛❢♦✈❛❝í❝❤ ❞r❛❤ ♥❡♠➙♥í✳ ❚♦t♦ ♠➙➦❡♥í ✈②✈rát✐❧♦ ♣➦❡❞♣♦❦❧❛❞
✈❧✐✈✉ t❡♣❡❧♥➙ ♦✈❧✐✈♥➙♥ý❝❤ ♦❜❧❛stí ♣➦✐ ✈❡❧❦ý❝❤ ♣➦❡s❛③í❝❤ ➨r❛❢♦✈❛❝í❝❤ ♥á✈❛r➲ ♥❛ tr❞♦st
✈③♦r❦✉✱ ❦t❡rý♠ ❜②❧♦ ❛r❣✉♠❡♥t♦✈á♥♦ ✉ ✈ýs❧❡❞❦➲ t✈r❞♦st✐ ③ ♦❜❥❡♠♦✈é❤♦ t❡st✉ ■✳ ◆❛✲
♠➙➦❡♥á ♣r➲♠➙r♥á t✈r❞♦st ✶✶✵ ❍❱ ♦❞♣♦✈í❞á ♣♦ ♣➦❡♣♦↔t✉ ♠❡③✐ ♣❡✈♥♦st✐ ♠❛t❡r✐á❧✉
✸✺✵ ▼P❛✳ ❱ rá♠❝✐ ♦❜❥❡♠♦✈é❤♦ t❡st✉ ■■ ❜②❧② ♣♦st❛✈❡♥② ✈③♦r❦② ♥❛ ❤♦❞♥♦❝❡♥í ❞rs♥♦st✐
♣♦✈r❝❤✉✳ ❇②❧ ❛♥❛❧②③♦✈á♥ s✈✐s❧ý✱ ➨✐❦♠ý ❛ ➨✐❦♠ý ♣➦❡✈✐s❧ý ♣♦✈r❝❤ ✭➨✐❦♠é ♣♦❞ ú❤❧❡♠
✹✺ ❛ ✶✸✺➦✮✳ ❙ ♠➙♥í❝í♠✐ ♣❛r❛♠❡tr② ❦♦♥t✉r② ❞❧❡ ✈②❜r❛♥é❤♦ r♦③s❛❤✉ ♥❡❞♦➨❧♦ ❦ ✈ýr❛③♥é
③♠➙♥➙ ❞rs♥♦st✐ ♣♦✈r❝❤✉✳ ◆❡❜②❧ ♣♦t✈r③❡♥ ♣➦❡❞♣♦❦❧❛❞ ❦❧❡s❛❥í❝í ❤♦❞♥♦t ❞rs♥♦st✐ ♣♦✲
✈r❝❤✉ s r♦st♦✉❝í s❦❡♥♦✈❛❝í r②❝❤❧♦stí✱ ❥❛❦ ✉✈á❞í ❉❆❉❇❆❑❍❙❍ ❬✸✽❪✳ Pr♦ ❞❡t❛✐❧♥➙❥➨í
❛♥❛❧ý③✉ ❜② ♦✈➨❡♠ ♠✉s❡❧ ❜ýt t❡st ♣r♦✈❡❞❡♥ ♣r♦ ✈➙t➨í r♦③s❛❤ ♣r♦❝❡s♥í❝❤ ♣❛r❛♠❡tr➲✳
◆❡❜②❧❛ ♣♦③♦r♦✈á♥❛ ➸á❞♥á ③á✈✐s❧♦st ❞rs♥♦st✐ ♣♦✈r❝❤✉ ♥❛ ❡♥❡r❣✐✐ ✈♥❡s❡♥é ❞♦ ♦❜❥❡♠✉✳
❙ ♣♦✉➸✐tí♠ ♣♦✉③❡ ❥❡❞♥é ❞rá❤② ❧❛s❡r✉ ♣r♦ ❦♦♥t✉r✉ ✈③r♦st❧❛ ❞rs♥♦st ♣♦✈r❝❤ ③❤r✉❜❛
♦ ✺✵ ✪ ♦♣r♦t✐ ♣♦✉➸✐tí ❞✈♦✉ ❞r❛❤ ❧❛s❡r✉ ♣r♦ ❦♦♥t✉r✉✳ ➆✐❦♠é ♣❧♦❝❤② ❞♦s❛❤✉❥í ✈➙t➨í
❞rs♥♦st✐ ♣♦✈r❝❤✉ ♦♣r♦t✐ s✈✐s❧ý♠ ♣❧♦❝❤á♠ ♣r✐♠ár♥➙ ❞➲✈♦❞✉ s❝❤♦❞♦✈✐té❤♦ ❡❢❡❦t✉✳ ❆♥✐
③❞❡ ♥❡❜②❧❛ ♣♦③♦r♦✈á♥❛ ✈ýr❛③♥á ③á✈✐s❧♦st ♣♦✉➸✐tý❝❤ ♣❛r❛♠❡tr➲ ❦♦♥t✉r② ♥❛ ❞rs♥♦st✐
♣♦✈r❝❤✉✳ ❘♦③❞í❧ ❞rs♥♦st✐ ♠❡③✐ ❤♦r♥í ❛ s♣♦❞♥í ➨✐❦♠♦✉ ♣❧♦❝❤♦✉ s ♣➦❡✈✐s❡♠ ❥❡ ♣r♦
s♣♦❞♥í ➨✐❦♠♦✉ ♣❧♦❝❤✉ ❛s✐ ♦ ✷✵ ✪ ✈②➨➨í✳
❯ ♦❜❥❡♠♦✈ý❝❤ ✈③♦r❦➲ s✐ ❧③❡ ✈➨✐♠♥♦✉t ✈ýr❛③♥é ♣♦❞♣♦✈r❝❤♦✈é ♣♦r♦③✐t②✳ ❚❛ ❥❡ ③♣➲✲
s♦❜❡♥❛ ③ ❞➲✈♦❞✉ r♦③❞í❧♥é❤♦ ♦❞✈♦❞✉ t❡♣❧❛ ③ ♣♦✈r❝❤✉ ✈③♦r❦✉ ♥❡➸ ③ ❥❡❤♦ ♦❜❥❡♠✉✳ Pr♦
♦❞str❛♥➙♥í ♣♦❞♣♦✈r❝❤♦✈é ♣♦r♦③✐t② ❥❡ ♥✉t♥é s♣rá✈♥➙ ♥❛st❛✈✐t ♣r♦❝❡s♥í ♣❛r❛♠❡tr②
❦♦♥t✉r②✱ ✉r↔✐t ✈③❞á❧❡♥♦st ❥❡❞♥♦t❧✐✈ý❝❤ ❦♦♥t✉r ♦❞ s❡❜❡ ❛ ❥❡❥✐❝❤ ♣♦↔❡t ❛ t♦ ✈➨❡ s ♦❤❧❡✲
❞❡♠ ♥❛ ✈③♥✐❦❧♦✉ ❞rs♥♦st ♣♦✈r❝❤✉✳ ❱ rá♠❝✐ ♣♦✈r❝❤♦✈é❤♦ t❡st✉ ❜②❧② ♠➙♥➙♥② ♣r♦❝❡s♥í
♣❛r❛♠❡tr② ✈ý❦♦♥✉ ❧❛s❡r✉ ♦❞ ✸✵✵ ❞♦ ✸✷✺ ❲ ❛ r②❝❤❧♦st✐ ❧❛s❡r✉ ♦❞ ✾✵✵ ❞♦ ✶✶✵✵ ♠♠✴s
❜❡③ ✈ýr❛③♥é❤♦ ❡❢❡❦t✉ ♥❛ ❡❧✐♠✐♥❛❝✐ ♣♦❞♣♦✈r❝❤♦✈é ♣♦r♦③✐t②✳ Pr♦ ♦❞❧❛❞➙♥í ♣♦❞♣♦✈r✲
❝❤♦✈é ♣♦r♦③✐t② ❜✉❞❡ ♣♦t➦❡❜❛ sér✐❡ t❡st➲ s ✈➙t➨í♠ r♦③s❛❤❡♠ ♣r♦❝❡s♥í❝❤ ♣❛r❛♠❡tr➲ ❛
✈③❞á❧❡♥♦stí ❦♦♥t✉r✳ Pr♦ t♦t♦ t❡st♦✈á♥í ❥✐➸ ♥❡③❜②❧❛ ❦❛♣❛❝✐t❛✱ ❛❜② ❜②❧❛ ♣r♦✈❡❞❡♥❛ ✈
rá♠❝✐ tét♦ ❞✐♣❧♦♠♦✈é ♣rá❝❡✳
❩ ✈②r♦❜❡♥ý❝❤ t❛❤♦✈ý❝❤ ✈③♦r❦➲ ♣❛r❛♠❡tr② ✈ý❦♦♥✉ ❧❛s❡r✉ ✸✼✺ ❲ ❛ r②❝❤❧♦st✐ s❦❡♥♦✲
✈á♥í ✶✷✵✵ ♠♠✴s ❜②❧② ③❥✐➨t➙♥② ♠❡❝❤❛♥✐❝❦é ✈❧❛st♥♦st✐ ♠❛t❡r✐á❧✉✳ ❇②❧♦ ❞♦s❛➸❡♥♦ ♠❡③❡
♣❡✈♥♦st✐ ✸✽✵ ▼P❛✱ ♠❡③❡ ❦❧✉③✉ ✷✸✵ ▼P❛ ❛ ♣♦♠➙r♥é❤♦ ♣r♦❞❧♦✉➸❡♥í ✶✵ ✪✳ ❱ ♣♦r♦✈♥á♥í
s ❦♦♥✈❡♥↔♥➙ ♦❞❧é✈❛♥ý♠ ♠❛t❡r✐á❧❡♠✱ ✈✐③ ✺✳✶ ❜❡③ t❡♣❡❧♥é❤♦ ③♣r❛❝♦✈á♥í ❥s♦✉ ♠❡❝❤❛✲
♥✐❝❦é ✈❧❛st♥♦st✐ ✈ýr❛③♥➙ ✈②➨➨í✳ ❉❧❡ ❧✐t❡r❛t✉r② ❥❡ ♠♦➸♥é ③✈ý➨✐t ♠❡❝❤❛♥✐❝❦é ✈❧❛st♥♦st✐
♦❞❧✐té❤♦ ♠❛t❡r✐á❧✉ t❡♣❡❧♥ý♠ ③♣r❛❝♦✈á♥í♠ ❚✻✳ ❉í❦② t♦♠✉t♦ ③✈ý➨❡♥í ♠❡❝❤❛♥✐❝❦ý❝❤
✈❧❛st♥♦stí ❥❡ ♠❡③ ♣❡✈♥♦st✐ ❙▲▼ ♠❛t❡r✐á❧✉ ♦ ✽ ✪ ✈②➨➨í ❛ ♠❡③ ❦❧✉③✉ ♦ ✷✺ ✪ ♥✐➸➨í✳
❱ ♣♦r♦✈♥á♥í s ♦st❛t♥í♠✐ ♠❛t❡r✐á❧② ③♣r❛❝♦✈❛♥ý♠✐ t❡❝❤♥♦❧♦❣✐í ❙▲▼ ❥s♦✉ ♠❡❝❤❛✲
♥✐❝❦é ✈❧❛st♥♦st✐ ♣♦r♦✈♥❛t❡❧♥é ♥❡❜♦ ✈②➨➨í✳ P➦✐ sr♦✈♥á♥í s❡ st❡❥♥ý♠ ♠❛t❡r✐á❧❡♠ ③❦♦✉✲




s ♠❛t❡r✐á❧❡♠ ❆❧❙✐✼▼❣✵✱✸ ❬✺❪ ❥❡ ♠❡③ ♣❡✈♥♦st✐ ♦ ✺ ✪ ♥✐➸➨í ❛ ♠❡③ ❦❧✉③✉ ♦ ✶✸ ✪ ✈②➨➨í✳
P➦✐ sr♦✈♥á✈á♥í ♠❡❝❤❛♥✐❝❦ý❝❤ ✈❧❛st♥♦stí r➲③♥ý❝❤ ♠❛t❡r✐á❧➲ ③ r➲③♥ý❝❤ ③❞r♦❥➲ ❥❡ ♥✉t♥é
❜rát ✈ ú✈❛❤✉ ♣♦↔át❡↔♥í ♣♦❞♠í♥❦② ❛ ♣r♦❝❡s♥í ♣❛r❛♠❡tr②✱ ❦t❡ré ♠➲➸♦✉ ♦✈❧✐✈♥✐t ♣r♦❝❡s
✈ýr♦❜② ❛ tí♠ ✈ýs❧❡❞♥é ♠❡❝❤❛♥✐❝❦é ✈❧❛st♥♦st✐✳ ❉➲❧❡➸✐tý♠✐ r♦③❞í❧♥♦st♠✐✱ ❦t❡rý♠✐ s❡
t❛t♦ ♣rá❝❡ ❧✐➨í ♦❞ ♣r❛❝í s ♣➦í❜✉③♥ý♠✐ ♠❛t❡r✐á❧② ③♣r❛❝♦✈❛♥ý♠✐ t❡❝❤♥♦❧♦❣✐í ❙▲▼ ❬✺✱✺✺❪✱
❥❡ ❦✈❛❧✐t❛ ❞♦❞❛♥é❤♦ ♣rá➨❦✉✱ t❧♦✉➨➫❦❛ ♥❛♥á➨❡♥é ✈rst✈② ❛ t❡♣❧♦t❛ ♣❧❛t❢♦r♠②✳ ❉❛❧➨í♠
♣r♦❝❡s❡♠ ③♣r❛❝♦✈á♥í ✈②r♦❜❡♥ý❝❤ s♦✉↔ástí ♠➲➸❡ ❜ýt t❡♣❡❧♥é ③♣r❛❝♦✈á♥í✱ ❦t❡ré ♠➲➸❡





❈í❧❡♠ ❞✐♣❧♦♠♦✈é ♣rá❝❡ ❜②❧♦ ♦❜❥❛s♥✐t ✈❧✐✈ ♣r♦❝❡s♥í❝❤ ♣❛r❛♠❡tr➲ ♣➦✐ ③♣r❛❝♦✈á♥í
❤❧✐♥í❦♦✈é s❧✐t✐♥② ❆❧❙✐✼▼❣✵✱✻ t❡❝❤♥♦❧♦❣✐í ❙❡❧❡❝t✐✈❡ ▲❛s❡r ▼❡❧t✐♥❣ ♥❛ ✈ýs❧❡❞♥♦✉ ♣♦✲
r♦③✐t✉ ❛ ❥❡❤♦ ♠❡❝❤❛♥✐❝❦é ✈❧❛st♥♦st✐✳ ❱ rá♠❝✐ ♣rá❝❡ ❜②❧ ♣r♦③❦♦✉♠á♥ ✈❧✐✈ ✈ý❦♦♥✉ ❛
r②❝❤❧♦st✐ ❧❛s❡r✉ ♥❛ t✈♦r❜✉ ❥❡❞♥♦t❧✐✈ý❝❤ ♥á✈❛r➲✳ ❇②❧♦ ③❥✐➨t➙♥♦✱ ➸❡ s r♦st♦✉❝í s❦❡♥♦✈❛❝í
r②❝❤❧♦stí ❦❧❡sá ➨í➦❦❛ ❛ ♣r➲✈❛r ♥á✈❛r✉✳ ❚❡♥t♦ tr❡♥❞ s❡ ♣♦t✈r❞✐❧ ♣r♦ ✈➨❡❝❤♥② ✈ý❦♦♥② ✈
♥á✈❛r♦✈é♠ t❡st✉✳ ❙t❡❥♥ý tr❡♥❞ ♣♦❦❧❡s✉ t❧♦✉➨➫❦② st➙♥② s r♦st♦✉❝í s❦❡♥♦✈❛❝í r②❝❤❧♦stí
❜②❧ s❧❡❞♦✈á♥ ✐ ✉ t❡♥❦♦st➙♥♥é❤♦ t❡st✉✳ ❚❧♦✉➨➫❦❛ st➙♥ ❜②❧❛ ♣r➲♠➙r♥➙ ✈➙t➨í ♦ ✽✱✺ ✪
♥❡➸ ➨í➦❦❛ ♥á✈❛r➲ ③ ♥á✈❛r♦✈é❤♦ t❡st✉ ③ ❞➲✈♦❞✉ ♠❡♥➨í❤♦ ♦❞✈♦❞✉ t❡♣❧❛ ③ ❥❡❞♥♦♥á✈❛✲
r♦✈ý❝❤ st➙♥✳ ❖❜❥❡♠♦✈ý♠ t❡st❡♠ ■ ❜②❧❛ ③❥✐➨t➙♥❛ ③á✈✐s❧♦st ❦❧❡s❛❥í❝í ♣♦r♦③✐t② ✈③♦r❦➲ s
r♦st♦✉❝í♠ ♣r♦❝❡♥t✉á❧♥í♠ ♣➦❡s❛❤❡♠ ➨r❛❢♦✈❛❝í❝❤ ❞r❛❤ ✭③♠❡♥➨✉❥í❝í s❡ ➨r❛❢♦✈❛❝í ✈③❞á❧❡✲
♥♦st✮✳ ◆❡❥✈❤♦❞♥➙❥➨í s❦❡♥♦✈❛❝í str❛t❡❣✐í ❥❡ str❛t❡❣✐❡ ✧str✐♣❡✧s❡ ✈③❞á❧❡♥♦stí ➨r❛❢♦✈❛❝í❝❤
♣♦❧í ✲✵✱✵✺✶ ♠♠✳ ❯ ♦❜❥❡♠♦✈é❤♦ t❡st✉ ■■ ❜②❧ ♣♦t✈r③❡♥ ♣➦❡❞♣♦❦❧❛❞ ❦❧❡s❛❥í❝í ♣♦r♦③✐t②
✈③♦r❦✉ s r♦st♦✉❝í♠ ♣r♦❝❡♥t✉á❧♥í♠ ♣➦❡s❛❤❡♠ ➨r❛❢♦✈❛❝í❝❤ ❞r❛❤ ❛➸ ♥❛ ❤♦❞♥♦t✉ ♣♦✲
r♦③✐t② ✵✱✵✽✹ ✪ ♣r♦ ✈③♦r❡❦ ✈②r♦❜❡♥ý ♣r♦❝❡s♥í♠✐ ♣❛r❛♠❡tr② ✈ý❦♦♥✉ ❧❛s❡r✉ ✸✼✺ ❲
❛ r②❝❤❧♦st✐ ❧❛s❡r✉ ✶✷✵✵ ♠♠✴s✳ ❱③♦r❡❦ ♦❜s❛❤♦✈❛❧ ✐ ♥❡❥♠❡♥➨í ♣♦↔❡t ♣ór➲✳ Pr➲♠➙r♥á
t✈r❞♦st ✈③♦r❦➲ ❞♦s❛❤♦✈❛❧❛ ❤♦❞♥♦t② ✶✶✵ ❍❱ ❛ ❜②❧❛ ♣r♦ ✈➨❡❝❤♥② ✈③♦r❦② s r♦③❞í❧✲
♥♦✉ ❤♦❞♥♦t♦✉ ♣r♦❝❡♥t✉á❧♥í ✈③❞á❧❡♥♦st✐ ➨r❛❢♦✈❛❝í❝❤ ♣♦❧í st❡❥♥á✳ ❚❡st ❞rs♥♦st✐ ✈③♦r❦➲
♥❡♣r♦❦á③❛❧ ➸á❞♥♦✉ ✈ýr❛③♥♦✉ ③á✈✐s❧♦t ❞rs♥♦st✐ ♥❛ ♣r♦❝❡s♥í❝❤ ♣❛r❛♠❡tr❡❝❤ ❦♦♥t✉r②✳
◆❡❥♥✐➸➨í ❞rs♥♦st s✈✐s❧é ♣❧♦❝❤② ♣r♦ ♣❛r❛♠❡tr② ❦♦♥t✉r② ✸✷✺ ❲ ✈ý❦♦♥✉ ❧❛s❡r✉ ❛ ✶✶✵✵
♠♠✴s r②❝❤❧♦st✐ ❧❛s❡r✉ ❜②❧❛ ✶✶✱✸ µ♠✳ ❚❛❤♦✈é ✈③♦r❦② ♣♦st❛✈❡♥é s ♣❛r❛♠❡tr② ✈ý❦♦♥✉
❧❛s❡r✉ ✸✼✺ ❲✱ r②❝❤❧♦st✐ ❧❛s❡r✉ ✶✷✵✵ ♠♠✴s ❞♦sá❤❧② ♠❡③❡ ♣❡✈♥♦st✐ ✸✽✵ ▼P❛✱ ♠❡③❡
❦❧✉③✉ ✷✸✵ ▼P❛ ❛ ♣♦♠➙r♥é❤♦ ♣r♦❞❧♦✉➸❡♥í ✶✵ ✪✳ ❱ ❝❡❧é♠ ✈ý③❦✉♠✉ ♣rá❝❡ ❜②❧❛ s♥❛❤❛
✈②❝❤á③❡t ③ ♦❜❡❝♥ý❝❤ ③ás❛❞ ♣r♦❝❡s✉ ❛❞✐t✐✈♥í ✈ýr♦❜② ❤❧✐♥í❦♦✈ý❝❤ s❧✐t✐♥ ③♠í♥➙♥ý❝❤
✈ r❡➨❡r➨✐ ❛ ❞❧❡ ♥í ❤♦❞♥♦t✐t ❞♦s❛➸❡♥é ✈ýs❧❡❞❦②✳ ❱ýs❧❡❞❦② tét♦ ♣rá❝❡ ❦♦r❡s♣♦♥❞✉❥í s
♣♦③♥❛t❦② ❥✐♥ý❝❤ ❛✉t♦r➲ ③❛❜ý✈❛❥í❝í❝❤ s❡ ♠❛t❡r✐á❧♦✈ý♠ ✈ý③❦✉♠❡♠ ♣♦❞♦❜♥ý❝❤ s❧✐t✐♥✳
❚❛t♦ ♣rá❝❡ s❡ ③❛❜ý✈á st✉❞✐❡♠ ♣r♦❝❡s♥í❝❤ ♣❛r❛♠❡tr➲ ❛ ♥❛❜í③í ③á❦❧❛❞♥í ♣♦③♥❛t❦② ♣r♦
❤❧✉❜➨í ❛♥❛❧ý③✉ ③♣r❛❝♦✈á♥í ❤❧✐♥í❦♦✈é s❧✐t✐♥② ❆❧❙✐✼▼❣✵✱✻ ❛❞✐t✐✈♥í t❡❝❤♥♦❧♦❣✐í ❙❡❧❡❝t✐✈❡
▲❛s❡r ▼❡❧t✐♥❣✳
▼❛t❡r✐á❧ ❆❧❙✐✼▼❣✵✱✻ ❥❡ st❛♥❞❛r❞♥➙ ❝❡rt✐✜❦♦✈á♥ý ♣r♦ ❧❡t❡❝t✈í ❛ ❦♦s♠♦♥❛✉t✐❦✉✳
❉❛❧➨í♠ ♣♦st✉♣❡♠ ♣rá❝❡ ♣r♦ ❦✈❛♥t✐✜❦♦✈á♥í t♦❤♦t♦ ♠❛t❡r✐á❧✉ ♣r♦ ♣♦✉➸✐tí ✈ t♦♠t♦
♦❞✈➙t✈í ❜② ♠➙❧❛ ❜ýt ❡❧✐♠✐♥❛❝❡ ♣♦❞♣♦✈r❝❤♦✈é ♣♦r♦③✐t② ♣➦✐ s♥í➸❡♥í ❞rs♥♦st✐ ♣♦✈r❝❤✉







❬✶❪ ❙❆▼❯❊▲✱ ❆✳▼✳✱ ●✳❍✳ ●❆❘❩❆✲❊▲■❩❖◆❉❖✱ ❍✳❲✳ ❉❖❚❨ ❛ ❋✳❍✳ ❙❆✲
▼❯❊▲✳ ❘♦❧❡ ♦❢ ♠♦❞✐✜❝❛t✐♦♥ ❛♥❞ ♠❡❧t t❤❡r♠❛❧ tr❡❛t♠❡♥t ♣r♦❝❡ss❡s ♦♥ t❤❡
♠✐❝r♦str✉❝t✉r❡ ❛♥❞ t❡♥s✐❧❡ ♣r♦♣❡rt✐❡s ♦❢ ❆❧✲❙✐ ❛❧❧♦②s✳ ▼❛t❡r✐❛❧s ✫ ❉❡s✐❣♥ ✳ ✷✵✶✺✱
✽✵✱ ✾✾❄✶✵✽✳ ■❙❙◆ ✵✷✻✶✸✵✻✾✳
❬✷❪ ❖▲❆❑❆◆▼■✱ ❊✳❖✳ ❙❡❧❡❝t✐✈❡ ❧❛s❡r s✐♥t❡r✐♥❣✴♠❡❧t✐♥❣ ✭❙▲❙✴❙▲▼✮ ♦❢ ♣✉r❡ ❆❧✱ ❆❧✲
▼❣✱ ❛♥❞ ❆❧✲❙✐ ♣♦✇❞❡rs✿ ❊✛❡❝t ♦❢ ♣r♦❝❡ss✐♥❣ ❝♦♥❞✐t✐♦♥s ❛♥❞ ♣♦✇❞❡r ♣r♦♣❡rt✐❡s✳
❏♦✉r♥❛❧ ♦❢ ▼❛t❡r✐❛❧s Pr♦❝❡ss✐♥❣ ❚❡❝❤♥♦❧♦❣② ✳ ✷✵✶✸✱ ✷✶✸✭✽✮✱ ✶✸✽✼✲✶✹✵✺✳ ■❙❙◆
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❬✸❪ ▲❖❯❱■❙✱ ❊❧❡❢t❤❡r✐♦s✱ P❡t❡r ❋❖❳ ❛ ❈❤r✐st♦♣❤❡r ❏✳ ❙❯❚❈▲■❋❋❊✳ ❙❡❧❡❝t✐✈❡ ❧❛s❡r
♠❡❧t✐♥❣ ♦❢ ❛❧✉♠✐♥✐✉♠ ❝♦♠♣♦♥❡♥ts✳ ❏♦✉r♥❛❧ ♦❢ ▼❛t❡r✐❛❧s Pr♦❝❡ss✐♥❣ ❚❡❝❤♥♦❧♦❣②
✳ ✷✵✶✶✱ ✷✶✶✭✷✮✱ ✷✼✺✲✷✽✹✳ ■❙❙◆ ✵✾✷✹✵✶✸✻✳
❬✹❪ ❙▲▼ s♦❧✉t✐♦♥ ✳ ❬❝✐t✳ ✷✵✶✼✲✵✸✲✷✽❪✳ ❉♦st✉♣♥é ③ ✿❤tt♣s✿✴✴s❧♠✲
s♦❧✉t✐♦♥s✳❝♦♠✴♣r♦❞✉❝ts✴❛❝❝❡ss♦r✐❡s✲❛♥❞✲❝♦♥s✉♠❛❜❧❡s✴s❧♠✲♠❡t❛❧✲♣♦✇❞❡r
❬✺❪ ❑■▼❯❘❆✱ ❚❛❦❛❤✐r♦ ❛ ❚❛❦❛②✉❦✐ ◆❆❑❆▼❖❚❖✳ ▼✐❝r♦str✉❝t✉r❡s ❛♥❞ ♠❡❝❤❛♥✐❝❛❧
♣r♦♣❡rt✐❡s ♦❢ ❆✸✺✻ ✭❆❧❙✐✼▼❣✵✳✸✮ ❛❧✉♠✐♥✉♠ ❛❧❧♦② ❢❛❜r✐❝❛t❡❞ ❜② s❡❧❡❝t✐✈❡ ❧❛s❡r
♠❡❧t✐♥❣✳ ▼❛t❡r✐❛❧s ❛♥❞ ❉❡s✐❣♥ ✳ ✷✵✶✻✱ ✽✾✱ ✶✷✾✹✲✶✸✵✶✳ ■❙❙◆ ✶✽✼✸✹✶✾✼✳
❬✻❪ ❲♦❤❧❡rs✱ ❚✱ ✷✵✶✷✱ ❲♦❤❧❡rs ❘❡♣♦rt ✷✵✶✷ ✕ ❆❞❞✐t✐✈❡ ▼❛♥✉❢❛❝t✉r✐♥❣ ❛♥❞ ✸❉ Pr✐♥✲
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❬✹✵❪ ❘❖❯❷❑❆✱ ❏✳ ▼❡t❛❧✉r❣✐❡ ♥❡➸❡❧❡③♥ý❝❤ s❧✐t✐♥✳ ✶✳ ✈②❞✳ ❇r♥♦✿ ❆❦❛❞❡♠✐❝❦é ♥❛❦❧❛✲
❞❛t❡❧st✈í ❈❊❘▼✱ s✳r✳♦✳ ❇r♥♦✱ ✷✵✵✹✳ ✶✹✽ s✳ ■❙❇◆ ✽✵✲✷✶✹✲✷✼✾✵✲✻✳
❬✹✶❪ ❲❆❘▼❯❩❊❑✱ ▼✳ ❆❧✉♠✐♥✐✉♠✲❙✐❧✐❝♦♥ ❈❛st✐♥❣ ❆❧❧♦②s ✿ ❆t❧❛s ♦❢ ▼✐❝r♦❢r❛❝t♦❣r❛✲
♣❤②✳ ✶✳ ✈②❞✳ ❯❙❆✿ ❆❙▼ ■♥t❡r♥❛t✐♦♥❛❧✱ ✷✵✵✹✳ ✶✷✹ s✳ ■❙❇◆ ✵✲✽✼✶✼✵✲✼✾✹✲✷✳
❬✹✷❪ ❍❘❷❑❖❱➪✱ ▼✳ ❖♣t✐♠❛❧✐③❛❝❡ t❡♣❡❧♥é❤♦ ③♣r❛❝♦✈á♥í s❧✐t✐♥② ❤❧✐♥í❦✉ ❆❧❙✐✼▼❣✵✱✻✳
❇r♥♦✿ ❱②s♦❦é ✉↔❡♥í t❡❝❤♥✐❝❦é ✈ ❇r♥➙✱ ❋❛❦✉❧t❛ str♦❥♥í❤♦ ✐♥➸❡♥ýrst✈í✱ ✷✵✶✶✳ ✻✶ s✳
❱❡❞♦✉❝í ❞✐♣❧♦♠♦✈é ♣rá❝❡ ■♥❣✳ ▼❛rt✐♥ ❏✉❧✐➨✱ P❤✳❉✳✳
❬✹✸❪ ❙❡❧❡❝t✐✈❡ ▲❛s❡r ▼❡❧t✐♥❣ ▼❛❝❤✐♥❡ ❙▲▼ ✷✽✵ ✷✳✵ ⑤ ❙▲▼ ❙♦❧✉t✐♦♥s✳ ❙▲▼ ❙♦❧✉t✐♦♥s
⑤ ✳ ❉♦st✉♣♥é ③✿ ❤tt♣s✿✴✴s❧♠✲s♦❧✉t✐♦♥s✳❝♦♠✴♣r♦❞✉❝ts✴♠❛❝❤✐♥❡s✴s❡❧❡❝t✐✈❡✲❧❛s❡r✲
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❬✹✹❪ ❉❖❑❖❯P■▲✱ ❋✳ ❩♣r❛❝♦✈á♥í s❧✐t✐♥② ✷✻✶✽ ♣♦♠♦❝í t❡❝❤♥♦❧♦❣✐❡ s❡❧❡❝t✐✈❡ ❧❛s❡r ♠❡❧✲
t✐♥❣✳ ❇r♥♦✿ ❱②s♦❦é ✉↔❡♥í t❡❝❤♥✐❝❦é ✈ ❇r♥➙✱ ❋❛❦✉❧t❛ str♦❥♥í❤♦ ✐♥➸❡♥ýrst✈í✱ ✷✵✶✺✳
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❞❡♥s✐t② ♠❡❛s✉r❡♠❡♥t t❡❝❤♥✐q✉❡s ❢♦r ❛❞❞✐t✐✈❡ ♠❛♥✉❢❛❝t✉r❡❞ ♠❡t❛❧❧✐❝ ♣❛rts✳ ❘❛✲
♣✐❞ Pr♦t♦t②♣✐♥❣ ❏♦✉r♥❛❧ ✳ ✷✵✶✶✱ ✶✼✭✺✮✱ ✸✽✵✲✸✽✻✳ ■❙❙◆ ✶✸✺✺✲✷✺✹✻
❬✹✻❪ ❩❊▼❆◆❖❱➪✱ ▲✳ ■❞❡♥t✐✜❦❛❝❡ ú♥❛✈♦✈é❤♦ ♣♦➨❦♦③❡♥í ❆❧ s❧✐t✐♥② ③♣r❛❝♦✈❛♥é t❡❝❤✲




✈ ❇r♥➙✱ ❋❛❦✉❧t❛ str♦❥♥í❤♦ ✐♥➸❡♥ýrst✈í✱ ✷✵✶✻✳ ✾✻ s✳ ❱❡❞♦✉❝í ❞✐♣❧♦♠♦✈é ♣rá❝❡ ❞♦❝✳
■♥❣✳ P❛✈❡❧ ▼❛③❛❧✱ ❈❙❝✳
❬✹✼❪ ❷❡s❦á r❡♣✉❜❧✐❦❛✳ ❍♦❞♥♦❝❡♥í ✈ýs❧❡❞❦② ✈ý③❦✉♠♥ý❝❤ ♦r❣❛♥✐③❛❝í ❛ ❤♦❞♥♦❝❡♥í ✈ý✲
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❬✹✽❪ ❑❖❷■❈❆✱ ▼✳ ❩♣r❛❝♦✈á♥í s❧✐t✐♥ ♠➙❞✐ ♣♦♠♦❝í t❡❝❤♥♦❧♦❣✐❡ s❡❧❡❝t✐✈❡ ❧❛s❡r ♠❡❧t✐♥❣✳
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❍✐❣❤ ❞❡♥s✐t② ♥❡t s❤❛♣❡ ❝♦♠♣♦♥❡♥ts ❜② ❞✐r❡❝t ❧❛s❡r r❡✲♠❡❧t✐♥❣ ♦❢ s✐♥❣❧❡✲♣❤❛s❡
♣♦✇❞❡rs ❬♦♥❧✐♥❡❪✳ ✷✵✵✷✱ ✭❏❛♥✉❛r②✮✳ ❉♦st✉♣♥é ③✿ ❞♦✐✿✶✵✳✶✵✷✸✴❆
❬✺✷❪ ❨❆❙❆✱ ❊✈r❡♥✱ ❏❛♥ ❉❊❈❑❊❘❙ ❛ ❏❡❛♥✲♣✐❡rr❡ ❑❘❯❚❍✳ s❡❧❡❝t✐✈❡ ❧❛s❡r ♠❡❧t✐♥❣
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❬✺✹❪ ❑❡♠♣❡♥ ❛ ❡t✳ ❛❧✱ ✷✵✶✶✱ ✬Pr♦❝❡ss ♦♣t✐♠✐③❛t✐♦♥ ❛♥❞ ♠✐❝r♦str✉❝t✉r❛❧ ❛♥❛❧②s✐s ❢♦r
s❡❧❡❝t✐✈❡ ❧❛s❡r ♠❡❧t✐♥❣ ♦❢ ❆❧❙✐✶✵▼❣✬✱ ♣❛♣❡r ♣r❡s❡♥t❡❞ t♦ ✷✷♥❞ ❆♥♥✉❛❧ ■♥t❡r✲




❙❊❩◆❆▼ ❩❑❘❆❚❊❑ ❆ P❖❯➎■❚Ý❈❍ ❱❊▲■❷■◆
❙❊❩◆❆▼ ❩❑❘❆❚❊❑ ❆ P❖❯➎■❚Ý❈❍ ❱❊▲■❷■◆
3D ❚➦í❞✐♠❡♥③✐♦♥á❧♥í
CAD ❈♦♠♣✉t❡r ❆✐❞❡❞ ❉❡s✐❣♥
SLM ❙❡❧❡❝t✐✈❡ ❧❛s❡r ♠❡❧t✐♥❣
T6 ❙t❛✈ t❡♣❡❧♥é❤♦ ③♣r❛❝♦✈á♥í ♣r♦ ③✈ý➨❡♥í t✈r❞♦st✐
µ❈❚ ▼✐❝r♦ ❈♦♠♣✉t❡r ❚♦♠♦❣r❛♣❤②
Ed ❏✴♠♠✸ ❍✉st♦t❛ ❡♥❡r❣✐❡ ✈st✉♣✉❥í❝í ❞♦ ♣r♦❝❡s✉
P ❲ ❱ý❦♦♥ ❧❛s❡r✉
v ♠♠✴s ❙❦❡♥♦✈❛❝í r②❝❤❧♦st ❧❛s❡r✉
d ♠♠ ❱③❞á❧❡♥♦st ➨r❛❢
t ♠♠ ❚❧♦✉➨t❦❛ ✈rst✈②
S❴v µ♠ ➨r❛❢♦✈❛❝í ✈③❞á❧❡♥♦st
S❴n µ♠ ➨í➦❦❛ ♥á✈❛r✉
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